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ABSTRACT 
The normal operation of the endocrine (hormonal) system can be disrupted by a 
number of man-made and naturally-occurring chemicals, thereby affecting those 
physiological processes that are under hormonal control. Such substances are 
called endocrine disrupting compounds (EDCs). The endocrine disruption issue 
has alarmed the environmental authorities since the substances involved can 
hinder hormonal processes causing far-reaching effects on reproduction and 
development in current and future human and wildlife generations. Effects on 
some species of fish triggered worldwide concern and initiated a research scheme 
which is being undertaken by various organisations e. g. United States 
Environmental Protection Agency (USEPA), United Kingdom Environment 
Agency (UKEA), Oslo and Paris Commission (OSPAR), Japan Environment 
Agency (JEA) and World Wildlife Fund (WWF) in order to assess the effects 
(present and potential), point of generation, levels of contamination and exposure 
limits. The findings showed that most of the oestrogens are produced by humans 
and animals and get discharged into river streams mainly through sewage 
effluents. Fish in particular have been found to be affected the most even when the 
oestrogenic levels in water are very low. 
The probability of future European legislation to eliminate hormonally active 
compounds from wastewaters suggests that new and alternative methods should 
be developed for their removal. In this work, the adsorption of 17ß-oestradiol (E2) 
and 17a-ethinyl oestradiol (EE2) onto several granular activated carbons and 
Hypersol-Macronet hypercrosslinked polymers was investigated by batch 
experiments after a low level detection system had been developed using Gas 
Chromatography Mass Spectrometry (GC/MS). 
Equilibrium experiments were carried out for all adsorbents to quantify the 
sorption capacity for E2 and EE2. For better assessment of the sorbents 
performance, their physical properties such as surface area, average pore diameter 
and micropore volume and chemical structure were characterised by N2 adsorption 
experiments, scanning electron microscopy (SEM), FTIR spectroscopy, elemental 
analysis, sodium capacity determination, pH titration, proton binding curves and 
zeta potential measurements. Adsorption isotherm data were fitted to the 
Langmuir and Freundlich equations. Activated carbons were found to be 
preferable to Hypersol-Macronet hypercrosslinked polymers for adsorption 
purposes. The adsorption of oestrogens appears to be controlled by hydrophobic 
interactions. 
Kinetic experiments were performed with different size ranges of adsorbents at 
different concentrations and the results were analysed by a particle diffusion 
model. It was found that concentration did not seem to influence the kinetics of 
the oestrogen sorption whereas the particle size of the adsorbents influenced the 
adsorption rate of both molecules. The particle diffusion model seemed to fit the 
data collected for the adsorption rate of 1713-oestradiol onto the adsorbents but 
gave a poor fit for most of the data collected for 17a-ethinyl oestradiol. 
Keywords: Adsorption, endocrine disruptors, 1713-oestradiol, 17a-ethinyl 
oestradiol, activated carbons, Hypersol-Macronet hypercrosslinked polymers, 
characterisation, GUMS method development, isotherms, kinetics. 
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Chapter 1: Introduction 
1. INTRODUCTION 
1.1. GENERAL INTRODUCTION 
Environmental science is recently concerned with the presence of a large number 
of man-made and naturally-occurring chemicals in the environment called 
endocrine disrupting compounds (EDCs), which can cause adverse effects to 
wildlife through bioaccumulation at very low concentrations (ng 1.1). More 
specifically, EDCs affect the physiological processes that are under hormonal 
control such as reproductive system development and function. The pituitary and 
thyroid gland functions as well as sexual behavioural activity are additionally 
affected by these substances. 
The list of EDCs includes anthropogenic compounds, for example, biocides, 
polychlorinated dioxins, bisphenol-A, phthalates, furans and biphenyls, amongst 
others. Table 1.1 shows most of the compounds identified as endocrine disruptors. 
The most widely-known example of endocrine disruption concerns the 
organochlorine pesticide, 2,2-bis(4-bromophenyl)-1,1,1-trichloroethane, most 
commonly known as DDT. Exposure of some species of birds to the insecticide 
DDT results in the feminisation of male birds (Fry and Toone, 1981; Fry et al., 
1987; Fry, 1995). Other studies have shown effects concerning the reproductive 
system such as low sperm density, undescended testicles (cryptorchidism), 
testicular cancer and altered testis structure in mammals (Guillette et al., 1994; 
Fry, 1995; Crisp et al., 1998; Christiansen et al., 1998). In the United Kingdom, 
research work was initiated after oocytes were found within the male testis of 
roach from settlement lagoons of Sewage Treatment Works (STWs) (Purdom et 
al., 1994). 
The natural steroid hormones, 17f3-oestradiol and oestrone and the synthetic 
oestrogen, 17a-ethinyl oestradiol are amongst the chemicals responsible for these 
effects. These EDCs have been identified from a range of investigations, from 
laboratory in vitro culture experiments, standard in vivo toxicological evaluations 
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Table 1.1 List of compounds classified as endocrine disruptors. 
Group of compounds Name of compound 
Steroid hormones 17p-oestradiol 
17a-ethinyl oestradiol 
Estrone 
Mestranol 
Diethylstilbestrol 
Alkylphenols Nonyphenol 
Octylphenol 
Alkylphenol polyethoxylates Nonyphenol ethoxylate 
Octylphenol ethoxylate 
Polyaromatic compounds Polychlorinated biphenyls (PCBs) 
Polyaromatic hydrocarbons (PAHs) 
Polybrominated diphenyl ethers 
Pesticides Atrazine 
Chlordane 
Demeton-S-methyl 
Dichlorvos 
Dieldrin 
Dimethoate 
Endosulfan 
Hexachlorobenzene 
Lindane 
Linuron 
Methoxychlor 
Pentachlorophenol 
Permethrin 
Simazine 
Trifluralin 
Organic oxygen compounds Bisphenol-A 
Phtalates 
Others Dioxins 
Furans 
Tributyltin 
Lead 
Cadmium 
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or field observations (Routledge et al., 1998; Jobling et al., 1998; Larsson et al., 
1999). Tests performed in vivo by Routledge et al. (1998) have shown that male 
fish exposed to oestrogens also produce a yolk protein, Vitellogenin. Research has 
revealed that the production of the yolk protein and the difference in its rate of 
production are indicators of presence of environmental pollutants with oestrogenic 
activity (Crisp et al., 1998; Jobling et al., 1998; Larsson et al., 1999). This activity 
exists in effluents from STWs suggesting that it is predominantly of domestic 
origin. 
Prior to excretion, natural oestrogens e. g. 17ß-oestradiol, oestrone and oestriol are 
metabolised by hydroxylation and conjugation to glucuronide and sulphate 
conjugates, which are compounds that are biologically inactive (Belfroid et al., 
1999; Andersen et al., 2003). However, the action of some micro-organisms 
during sewage treatment hydrolyse the inactive compounds back to the 
biologically active oestrogens. Furthermore, the synthetic compound 17a-ethinyl 
oestradiol always appears to be in the biologically active form and is not present 
in the conjugated form, bound to glucuronides or sulphate molecules (D'Ascenzo 
et al., 2003; Panter et al., 1999). 
The presence of oestrogenic substances in effluents in their active form and their 
effects on wildlife have alerted the water companies running the STWs throughout 
the world. The issue needs to be addressed and methods of resolving the problem 
need to be implemented. Conventional sewage treatment processes adopt primary 
settlement followed by secondary settlement, percolating filters and sand filters 
and/or secondary and activated sludge treatment (Tabak et al., 1981; Fielding and 
Hetheridge, 1999). Alternative treatment processes such as ozonation, chlorination 
and carbon, polymer or membrane filtration may be more efficient for steroid 
reduction (Johnson et al., 2000; Schafer et al., 2003). 
Studies on improving existing technologies to reduce the levels of contamination 
of oestrogenic substances have already started. Johnson and Darton (2003) and 
Darton et al. (2004) have suggested improving the performance of activated 
sludge treatment plants. The process involves placing supported biofilms in the 
aeration tanks. Tests on their set-up were reported to remove 90-95% of 100 pg/L 
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17a-ethinyl oestradiol after 20 days of continuous contact of both synthetic and 
actual sewage with the bioflm. 
Levels of pesticides have recently been reduced by the use of activated carbon in 
water treatment (Streat and Horner, 2000). Activated carbon is an adsorbent that 
has been extensively used for water purification since it has the ability to 
effectively remove various inorganic and organic substances and is also cost 
effective (Streat et al., 1998). It can possess high internal surface area and 
controlled pore-size distribution while displaying interesting adsorptive 
characteristics with the presence of various surface functional groups. By 
investigating the use of conventional activated carbons as adsorbents for oestrogen 
removal, it will be possible to assess their performance and their potential in 
STWs. 
Hypersol-Macronet polymers are a special type of adsorbent possessing high 
surface area (>1000 m2 g'') and controlled pore size distribution. These novel 
adsorbents were developed by Davankov et al. (1969) and are now produced by 
Purolite International Limited with a wide variety of pore sizes and chemical 
functionalities (Purolite Technical Bulletin, 1995). Hypersol-Macronet polymers 
are based on a spherical styrene-divinyl benzene copolymer that is crosslinked 
while the polymer is in the swollen state. These adsorbents demonstrated effective 
removal of moderately polar pesticides such as atrazine from water (Streat and 
Homer, 1998). It was established that moderately polar substances can interact 
with the hydrophobic surface of these adsorbents (Streat and Sweetland, 1997). 
Hypersol-Macronet polymers are also believed to be potentially efficient 
adsorbents for the removal of specific EDCs e. g. 173-oestradiol and 17a-ethinyl 
oestradiol from water. 
1.2. RESEARCH OBJECTIVES 
The overall objective of this research is to evaluate particulate adsorbents for the 
specific removal of endocrine disrupting compounds from water. Two categories 
of adsorbents were chosen, conventional activated carbons and Hypersol- 
Macronet polymers. The activated carbons used in this work were produced from 
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different precursors and obtained from various manufacturers as shown in Table 
1.2, while the polymeric materials were supplied by Purolite International 
Limited, UK (see Table 1.3). 
Table 1.2 Activated granular carbons specifications. 
Carbon name Company of production Precursor 
AW 1100 Westvaco Corporation, USA Wood 
Brimac 216 Tate & Lyle Process Technology (tlpt), 
Greenock, UK 
Bone Charcoal 
SAC6 Eurocarb, Bristol, UK Coconut shell 
YAO Eurocarb, Bristol, UK Coconut shell 
Hypersol-Macronet polymers were chosen on the basis of surface area, 
functionality and pore size distribution. MN 100 and MN 500 contain weakly 
basic and strongly acidic functional groups respectively, whereas MN 200 and 
MN 250 are non-functional polymers with different porosity (Table 1.3). More 
details regarding the characterisation of all adsorptive materials used are presented 
in Chapter 4. 
Table 1.3 Description of Hypersol-Macronet polymeric resins (Purolite Technical 
Bulletin, 1995). 
Name Surface Area 
(m2/g) 
Pore Volume 
(mUg) 
dso (Meso 
& Macropores) 
Functionality 
MN 100 800-1000 1-1.1 850-950 WBA 
MN 200 800-1000 1-1.1 850-950 None 
MN 250 800-1000 0.6-0.8 300-400 None 
MN 500 800-1000 1-1.1 850-950 SAC 
# WBA: Weak base anion exchanger 
§ SAC: Strong acid cation exchanger 
On the other hand, the adsorbates selected for the study were the natural principal 
endogenous phenolic steroid, 17ß-oestradiol and the synthetic hormone, 17a- 
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ethinyl oestradiol, which is the main ingredient of the contraceptive pill. These 
two compounds are considered as the main potent endocrine disruptors from the 
steroid family and are suspected of interfering with the hormone systems of 
humans and wildlife (Panter et al., 2000; Amaral Mendes, 2002). A recent study 
assigns them amongst the 118 substances that were classed as endocrine 
disruptors or potential endocrine disruptors and in the 12 compounds that are of 
priority for "in-depth study" (Environment Daily, 2001). 
In the present work, adsorption experiments using relatively low concentrations 
(µg 1"1) of single solute oestrogens in aqueous solutions were performed in order to 
study and compare the adsorption capacities and kinetics of the conventional 
activated carbons with the polymeric resins. The adsorbent/adsorbate interactions 
were closely studied in an attempt to describe the process and to understand the 
mechanism of adsorption of these specific EDCs onto these adsorbents. 
1.3. PROJECT APPROACH 
In this project, research was conducted to develop an appropriate method for the 
determination and quantification of 17f -oestradiol and 17a-ethinyl-oestradiol 
from water. There are several methods available for this purpose which involve 
chemical and/or biological analysis. However, it is necessary to consider the 
method by judging the nature of the compounds to be quantified, the existence and 
availability of analytical instrumentation and the environment in which the 
oestrogenic compounds are found. 
At present there is no well-established guideline for the preparation of an 
analytical technique that quantifies the oestrogenic substances of interest. It 
normally depends upon the researcher to choose a suitable analytical method and 
to devise the proper sample preparation techniques. This also involves developing 
the appropriate method for sample preparation and also a method for sample 
analysis in the analytical instrument. A large part of this project was devoted to 
establishing the analytical method before conducting the adsorptive experiments. 
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The objectives of this research work are summarised below. 
" Development and establishment of a low-level detection system for 170- 
oestradiol and 17a-ethinyl-oestradiol. The method allows the 
quantification of the oestrogenic substances in the low ppb (µg 1-1) range 
with the use of a Gas Chromatography Mass Spectroscopy (GC/MS) 
analytical instrument. 
" Development of a solid phase extraction (SPE) system and establishment 
of a derivatisation procedure as sample pre-treatment stages. The 
technique and procedure were developed for very low concentration levels 
(ng 1"'). 
" Physical and chemical characterisation of commercial granular activated 
carbons and Hypersol Macronet polymeric resins to investigate the 
relationship between the physicochemical properties and the sorptive 
behaviour of these adsorbents. 
" Evaluation of conventional activated carbons and Hypersol Macronet 
polymeric phases for the removal of oestrogens from water. 
" Correlation of equilibrium and kinetic data by conventional theoretical 
models. 
" Postulate the possible sorptive mechanism and types of bonding from these 
results. In particular, study of adsorbent/adsorbate interaction to gain better 
understanding of the sorption process. 
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2. OESTROGENS 
2.1 INTRODUCTION 
In recent years there have been growing concerns about chemicals in the 
environment interfering with endocrine (hormonal) systems. There is speculation 
that these could be causing effects on reproduction and development in man and 
wildlife. The issue of endocrine disrupting chemicals (EDCs) in the environment 
is of concern as there could be far-reaching effects on reproduction and 
development in current and future generations. This chapter provides background 
information on endocrine disrupting chemicals in the environment and presents 
definitions, physicochemical properties, sources and fate. It also provides details 
of the research on the issue regarding concentration levels, the existing analytical 
methods for quantification and sample preparation. 
2.2 LITERATURE SURVEY 
2.2.1 Definitions of Endocrine Disruptors 
Several definitions have been proposed for endocrine disruptors. The most precise 
and widely accepted is commonly referred to as the "Weybridge" definition and 
was proposed in 1996 at the European Workshop on the impact of endocrine 
disruptors on health and wildlife held by the European Commission (Report EUR 
17549,1996). According to the definition: "an endocrine disruptor is an 
exogenous substance that can cause adverse health effects in an intact organism 
or its progeny, subsequent to changes in endocrine functions". 
The diversity of mechanisms with which the endocrine disruptors interfere with 
the organisms (presented in Section 2.2.2), created the need for a more detailed 
definition of endocrine disruptors. This was proposed by the U. S. Environmental 
Protection Agency (EPA) (Report U. S. EPA/630/R-96/012,1997). According to 
the EPA definition: "an endocrine disrupter is an exogenous agent that interferes 
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with the synthesis, secretion, transport, binding, action, or elimination of natural 
hormones in the body that are responsible for the maintenance of homeostasis, 
reproduction, development andlor behavior". 
Endocrine disruptors are also classified according to the effect they exert to 
species. They are thus labelled as oestrogenic' or androgenic". Estrogenic 
substances cause feminisation of the species whereas androgens cause the 
opposite effect. Another classification groups the substances that mimic hormones 
under the name of agonists while the substances that inhibit hormones are called 
antagonists. 
Endocrine disruptors are therefore substances not defined by their chemical nature 
but by their biological effects (Waste Water Cluster, 1999), (Lopez de Alda and 
Barcelo, 2000a). The majority of the compounds are hydrophobic organic 
chemicals substances of low volatility. 
2.2.2 EDCs and Mechanisms of Action 
Many chemicals have shown endocrine disrupting abilities, consequently 
classifying them as endocrine disruptors. The way the endocrine disruptors bind to 
humans or mammals is through their oestrogen receptor, which is a large protein 
with different regions, all of which perform different functions. One of these 
regions, "the receptor site", recognises the endogenous oestrogen while another, 
"the binding site" (ERE), helps the receptor-ligand complex to bind to the DNA 
inside the nucleus of a cell (Figure 2.1). 
'Oestrogens are defined as "any of a family of steroid hormones that regulate and sustain female 
sexual development and reproductive function" or "a compound that stimulates tissue growth by 
promoting cell proliferation in female sex organs, promoting hypertrophy or increasing a cell's 
size, such as occurs in female breast and male muscle tissue during puberty and initiating 
synthesis of specific proteins". 
Androgen is defined as "a class of male sex hormones related to the steroid androstane and 
produced in the adrenal cortex and the testes; includes testosterone, androsterone, and 
adrostenolone responsible for the development of secondary male characteristics, such as deep 
voice and facial hair". 
9 
Chapter 2. Oestrogens 
/HORMONE 
HORMONE 
RECEPTOR 
CELL/' Ito 
NUCLEUS " 
HORMONE 
ZBLOCKER 
Normal response Agoni t response Antagonist response - 
e. g. estrogenic normal response inhibited 
e. g. anti-estrogenic 
Figure 2.1. Schematic representation of endocrine disruption processes 
(Environment Canada, 2004). 
Once the complex binds to DNA, particular sites on the oestrogen receptor allow 
the complex to interact with proteins attached to an adjacent regulatory site on the 
gene, called the promoter. When the endocrine disruptor acts as hormone mimic 
the response is agonistic, however, the effect is antagonistic if it binds to the 
receptor but little or no response is produced. The oestrogen receptor is a 
transcription factor, which interacts with the promoter-bound proteins to bring 
activation or suppression to the gene expression. It is believed that the longer the 
receptor-ligand complex remains attached to the ERE, the longer the complex 
modulates gene activity, which can cause adverse effects (McLachlan and Arnold, 
1996). 
The mechanism of interaction of these substances with living organisms upon 
their release to the environment is unknown. However, many lower animals are 
known to have receptor systems similar to those of humans and other mammals 
and it is reasonable to assume that exposure to endocrine disruptors, will influence 
other animals in the environment. Several studies have confirmed that this is the 
case (Desbrow et al., 1998; Kime, 1999). 
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There are several other ways in which chemicals may impact upon endocrine 
functions. A variety of different mechanisms of action used by endocrine 
disruptors classifies them as: 
" Mimics: The biological functions of an organism are affected by 
chemicals that behave like hormones and fit precisely in the hormone 
receptor. When accepted by the hormone receptor these chemicals send 
messages at the wrong time and rate, causing adverse effects on biological 
functions. 
9 Blockers: The mechanism of action displays similarities with the mimics 
since blockers are also capable of fitting into the hormone receptor. By 
blocking the natural hormone they either send extra messages or no 
messages to the gene, thus upsetting the normal endocrine functions. 
" Stimulators: These endocrine disruptors amplify the production of natural 
and foreign hormones because they stimulate the multiple formation of 
more hormone receptors on or within the cells. 
" Destructors: These are chemicals that alter the structure of the hormones. 
They either reduce the ability of the hormone to carry out its function (by 
preventing access to the receptor site) or destroy the hormone itself. 
Exposure to destructors can also alter the natural balance of hormones 
within the organism. 
" Endocrine flushers: The action of endocrine flushers is to deplete a 
hormone from the organism. They continuously break down the hormone, 
eventually eliminating it from the body. 
" Enzyme Plushers: Enzyme flushers upset the hormonal balance by 
deactivating the enzymes that break down the hormones within the body. 
Hormones, after triggering a response, they break down and get eliminated 
from the system. The presence of flushers prevent their elimination 
stimulating an unhealthy continuous response. 
2.2.3 Compounds of Interest 
The group of endocrine disrupting materials includes a wide range of chemicals. 
The majority of known endocrine disruptors are pesticides. Amongst others, 
compounds such as herbicides, steroid hormones, polychlorinated biphenyls 
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(PCB's), alkylphenols, alkylphenol polyethoxylates, polyaromatic hydrocarbons, 
phtalates, bisphenol-A, dioxins and furans are also classified as EDCs. The 
compounds that are already widely recognised and accepted as EDCs are listed in 
Table 1.1. 
Significant research work is being undertaken worldwide by various organisations 
e. g. United States Environmental Protection Agency (USEPA) (Report U. S. 
EPA/630/R-96/012,1997), United Kingdom Environment Agency (UKEA) 
(United Kingdom Economics Account, 2000), Oslo and Paris Commissions 
(OSPAR) (1998), Japan Environment Agency (JEA) (1998) and World Wildlife 
Foundation (WWF), (2003), to characterise the levels of suspected EDCs to which 
humans and wildlife are exposed and to determine their fate in the environment 
and their possible effects on ecosystems and human health. The reports highlight a 
vast array of chemicals classed as endocrine disruptors or regarded as potentially 
disrupting the endocrine functions. 
The European Commission has published a list of 12 probable hormone- 
mimicking substances for an extensive assessment. This priority list (Environment 
Daily, 2000) comprises of nine industrial chemicals and three hormones. Amongst 
the hormones (Environment Daily, 2001) are 17ß-oestradiol and 17a-ethinyl 
oestradiol, which are specifically targeted in this study as they are amongst the 
substances found to cause adverse effects to fish. This work is focused on 
developing methods for removing these oestrogenic substances from water. 
2.2.4 Effects of Endocrine Disruptors 
Several reports have been produced throughout the world particularly in the UK 
and the USA (Crisp et al., 1998) as an attempt to assess the issue of endocrine 
disruption. All these reports have shown that oestrogenic substances possess the 
potential to disrupt endocrine systems in aquatic and wildlife. Generally, some of 
the observed effects include abnormal thyroid function, sex alteration, poor 
hatching success, decreased fertility and reduced growth. This section, considers 
the available scientific evidence and outlines the effects of EDCs in the 
environment. As already mentioned, there are many extensive reviews and reports 
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on the subject, which cover the effects in greater detail than they are covered in 
this work. 
2.2.4.1 Human effects. 
Most of the concerns to date relate to human reproduction and development. 
Whilst there is currently no direct evidence to support an association between 
exposure to EDCs and any reproductive effects in humans, few if any, studies 
have attempted to look for such evidence. According to the UK department of the 
environment, transport and the regions, further research needs to be carried out 
since the human health effects associated with exposure to environmental 
estrogens are largely unknown, speculative and highly controversial. 
For humans, possible pathways of exposure to endocrine disrupters include direct 
exposure via the workplace or via consumer products such as food, certain 
plastics, paints, detergents and cosmetics, as well as indirect exposure via the 
environment (soil, water, air). Despite the absence of direct evidence, breast and 
reproductive organ tissue cancers, fibrocystic disease of the breast, polycystic 
ovarian syndrome, endometriosis, uterine fibroids and pelvic inflammatory 
diseases may be influenced by development or chronic lifetime exposure (via 
ingestion) of women to oestrogen mimics. Other effects attributed to endocrine 
disruptors include the development of testicular and prostate cancer in men, 
alteration of immune functions and testis structure and malformed reproductive 
tissue and reduction of the sperm density and production (low sperm counts, high 
number of abnormal sperm, low number of mobile sperm) (Zeelen, 1990). 
Additionally, possible human end points affected by these agents include 
alteration in pituitary and thyroid gland functions, immune suppression and 
neurobehavioural effects. 
According to Toppari et al. (1996) a decrease in sperm count was speculated to 
relate to the exposure of humans to EDCs with the necessity of carrying out more 
monitoring over an adequately long period of time. Other researchers have also 
attributed decreases in human sperm quality and quantity over the last 5 decades 
to EDCs in the environment (Sharpe and Skakkebaek, 1993; Stone, 1994; Carlsen 
et al., 1995). As with human sperm counts, some speculation has been suggested 
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for the increased testicular and prostate cancer incidents (Toppari et al., 1996; 
Carlsen et al., 1995). There is also limited evidence (Sharpe, 1998) that exposure 
of the male foetus to high levels of oestrogens may increase the risk for 
developing testicular cancer. 
A link between exposure of humans to EDCs and breast cancer was proposed by 
Key and Verkasalo (1999). It was suggested that the sharp increases in breast 
cancer reported over the past 40 years are related to endocrine disrupting 
compounds in the environment (Krishnan and Safe, 1993; Ahlborg et al., 1995; 
Ashby, 1997, Gillesby and Zacharewski; 1998). Clear evidence suggested that 
high levels of oestrogens are associated with the risk of developing breast cancer 
and that oral contraceptives and post-menopausal hormone replacement therapy 
may also have an effect. More detailed evidence of how EDCs affect human 
health can be found in a review by Amaral Mendes (2002). 
It should be noted that the human effects presented in this section are caused by 
exposure mainly through ingestion. If EDCs are causing adverse human health 
effects, it is unlikely that these effects would be caused by oestrogenic chemicals 
in water due to their extremely minute concentrations. These concentrations are 
very small compared to phytoestrogens and other oestrogenic substances present 
in food sources. The difference in exposure of humans and fish to EDCs in water 
make fish more susceptible to the effects. Although fish may be constantly 
exposed to EDCs present in the aquatic environment, humans are exposed mainly 
through ingestion of limited quantities of drinking water. 
2.2.4.2 Effects in wildlife 
Studies have further demonstrated the importance of endocrine disruption in 
wildlife. Generally, effects attributed to endocrine disruptors include decreased 
fertility in fish, birds and mammals (hypospadias"' and cryptorchidismh, either 
demasculation or feminisation depending on the disruptor but mainly intersex". 
u Hypospadias is defined as the abnormal position of the opening of the urethra. 
Cryptorchidism describes the failure of normal descent of the testis. 
" Existence of both sexes. 
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Additional effects include abnormal thyroid function, decreased hatching success 
and alteration of the immune function. A potent effect frequently seen in fish, 
birds and mammals is the presence of oocytes found in male testis indicating 
hermaphroditism. These effects can be adverse even when the endocrine 
disruptors exist at concentrations of ng 1"1, indicating that the steroid oestrogens 
have great potency. 
In some marine gastropods, severe population declines and reproductive disorders 
including imposex (development of male sex characteristics in females) have been 
attributed to exposure of the species to tributyltins (TBT)°' (Gibbs et al., 1991). 
Amphibian populations exposed to certain pesticides and other anthropogenic 
chemicals experienced extra limbs or missing limbs (Ouellet et al., 1997; 
Sparling, 2000). In particular, endocrine disruption in frogs from the United States 
has been associated with the wide use of the herbicide atrazine (Hayes et al., 
2002). 
Perfluorinated compounds (PFOS) were detected in bottlenose dolphins, whales, 
bluefish tuna, swordfish and cormorants in the Mediterranean and in ringed and 
grey seals, sea eagles and Atlantic salmon in the Baltic (Kannan et al., 2002). 
However, many other wildlife species around the world have been affected 
including polar bears in the Artic, seals in Antarctica, dolphins in the river Ganges 
in India, albatrosses from Midway Atoll in the Pacific, turtles in the United States, 
gulls in Korea, cormorants in Canada (Geisy and Kannan, 2001) and fish in Japan 
(Taniyasu et al., 2003). The effects of PFOS (on rats in laboratory scale 
experiments) include change in the brain, liver, spleen, thymus, adrenal gland, 
kidney, prostate, testes and epididymides and it is likely that other species exposed 
to them will suffer same effects (Thayer et al., accessed 20/01/2004). 
Aquatic invertebrates are also susceptible to the endocrine disrupting effects of 
both nonylphenol and bisphenol A (BPA). Molluscs in particular have shown 
effects at very low concentration i. e. egg stimulation and embryo production when 
the species were exposed to low dosage. Additionally, there was no production of 
"i Tributyltins leach from certain antifouling paints and PVC pipes 
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eggs when the dosage was high (Jobling, et al., 2003). Extremely low levels of 
BPA and octylphenol were also reported to trigger malformed genitals of female 
ramshom (freshwater) sail, Marisa cornuarietis, and the (saltwater) dogwhelk 
Nucella lapillus (Oehlmann et al., 2000). 
Sex reversals were also reported in an alligator species in South America, which 
were attributed to BPA exposure (Stoker et al., 2003). A range of reproductive 
and other abnormalities were previously reported on alligators as a result of an 
extensive spill of the pesticide p, p'-DDE into lake Apopka (Guillette et al., 1994). 
One of the most thoroughly studied, but still not completely understood, examples 
of endocrine disruption in wildlife concerns that of fish in the UK rivers. The 
issue arose about two decades ago with the chance discovery of a small proportion 
(5%) of grossly intersex (partly female and partly male) roach living in the 
settlement lagoons of two STWs in the UK. Even though the cause was attributed 
to powerful synthetic oestrogens dispersed by a pharmaceutical industry in the 
waste water, there were also concerns that it was due to widely-used man-made 
chemicals such as nonylphenol. The analysis, however, revealed that the natural 
oestrogen, 1713-oestradiol and the synthetic oestrogen, 17a-ethinyl oestradiol, are 
the main substances that caused the effect. 
The discovery of intersex species triggered a vast amount of research on the 
effects on fish (Desbrow et al., 1998; Tyler et al., 1996; Routledge et al., 1998). 
Female fish are the only known stimulant of the yolk protein vitellogenin. 
Therefore, the production of vitellogenin by male fish or the difference in the rate 
of production of vitellogenin in females can be an indicator of the presence of 
environmental pollutants with oestrogenic activity (Fotsis, 1987a). Bioassay 
fractionation techniques have determined that the most probable cause of such 
effects is the presence of steroid hormones, particularly 170-oestradiol, oestrone, 
and 17a-ethinyl oestradiol in effluents from sewage treatment works (Desbrow et 
al., 1998; Snyder et al., 1999,2001b). In particular, the fish living closer to the 
sewage outlet were found to have severe abnormalities while the fish living 
further downstream had less severe symptoms. 
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A survey of six rivers and tributaries of the United Kingdom (Harries et al., 1995) 
has been completed with more surveys on other rivers to be completed in the years 
to come. Christiansen et al. (1998) studied the effects of low and high 
concentration doses of 17ß-oestradiol on the synthesis of vitellogenin and on 
testicular structure and cytology in male eelpout Zoarces viviparous during active 
and late spermatogenesis. After 25 days the vitellogenin concentration increased 
together with a highly significant reduction in the gonadosomatic index. 
Additionally, there was a reduction of the activity of a specific enzyme that is 
used for marking the cuboidal Sertoli cell function. 
Surveys conducted on wild populations of riverine fish (roach; Rutilus rutilus) 
throughout the UK exposed to hormonally active substances discharged from 
sewage treatment works showed reproductive disturbances. Jobling et al. (1998) 
published the first documented example of the widespread sexual disruption in 
wild populations of any vertebrate, which indicated that the reproductive and 
development effects result from exposure to ambient levels of chemicals present 
in typical British rivers. 
In further studies (Routledge et al., 1998) the findings from subsequent in vivo 
tank trial experiments with adult male trout (Oncorhynchus mykiss) and adult 
roach (Rutilus rutilus) exposed to concentrations of 17(3-oestradiol also showed 
vitellogenin synthesis. Other studies support these findings (Walker, 2000). Male 
fathead minnows (Pimephales promelas) have also been affected after exposure to 
high levels of l7ß-oestradiol in the laboratory (Panter et al., 2000), mainly by 
change in the level of produced vitellogenin. 
In the lack of a complete knowledge of the effects of EDCs on wildlife the 
endocrine disruption in marine environment (EDMAR) research programme was 
initiated. The overall aim was to investigate the effects associated with endocrine 
disruption on the reproductive health of both marine fish and invertebrates. The 
programme, which stared in June 1998, also targeted possible causes and potential 
impacts of the EDCs on the species and finished in December 2001. It was 
concluded that some wild male sand goby exhibited morphological abnormalities 
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(size difference) that was called morphologically intermediate papilla syndrome 
(MIPS). MIPS was more pronounced in the Tees, Mersey and Clyde and intersex 
males were particularly found in the Tyne. According to EDMAR flounder, 
viviparous blenny and two sand gobies experienced feminisation i. e. vitellogenin 
(VTG) synthesis, ovetestis induction and /or feminised sexual characteristic. 
2.2.5 Definition and Properties of Oestrogens 
Oestrogens are commonly defined as "any of a family of steroid hormones that 
regulate and sustain female sexual development and reproductive function" 
(Dictionary of Science and Technology, 1992) or "A compound that stimulates 
tissue growth by promoting cell proliferation in female sex organs, promoting 
hypertrophy or increasing a cell's size, such as occurs in female breast and male 
muscle tissue during puberty and initiating synthesis of specific proteins" (Hertz, 
1985). They are produced primarily by the ovaries and in small amounts by the 
adrenal glands. They are known as the female hormones, and are essential 
molecules influencing growth, development, and behavior (puberty). They also 
regulate reproductive cycles (menstruation, pregnancy) and affect many body 
parts such as bones, skin, arteries and the brain. 
Environmentally important examples of natural and synthetic hormones include 
170-oestradiol and 17a-ethinyl oestradiol"", respectively (Figure 2.2). Oestradiol 
is produced by all mammals and is considered the principal endogenous phenolic 
steroid oestrogen since it binds easily to the human receptor. Oestradiol and 
oestrone, are, together with progesterone, the most important natural female sex 
hormones, however, the intrinsic activity of oestradiol is much higher than that of 
oestrone (Zeelen, 1990). 17a-ethinyl oestradiol on the other hand, is the main 
ingredient of the contraceptive pill. Therefore, they are both selected for this study 
due to their importance. 
"" Trivial names have been retained for the different families of steroid nucleus. Substituents are 
designated as beta (ß) if they are above the plane of the ring system or alpha (a) if they are below. 
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CýCH 
Oestradiol or 170-Oestradiol 
Figure 2.2. Structures of 173-oestradiol and 17a-ethinyl oestradiol. 
OH 
Oestriol 
Figure 2.3. Structures of oestrone and oestriol. 
Another important oestrogen is oestrone, which is the product of oxidation of 17(3- 
oestradiol(Zeelen, 1990). Oestrone is further transformed to oestriol by oxidation 
in metabolic processes (Figure 2.3) (Templeton, 1969). Oestrone, oestriol and 
other related chemicals that are known to mimic hormones are not studied in this 
work because they are not considered as representative as 1713-oestradiol and 17a- 
ethinyl oestradiol. Moreover, with such a vast number of compounds already 
determined to be oestrogenic, it is impossible to attempt to investigate all the 
oestrogenic molecules in the present study. 
In order to understand the fate and behaviour of 17ß-oestradiol and 17a-ethinyl 
oestradiol, it is important to understand the physicochemical properties of these 
molecules. The molecular weights of 17p-oestradiol and 17a-ethinyl oestradiol are 
272.3 and 296.4, respectively. Generally, they share the same hydrocarbon ring 
consisting of 18 carbon atoms like all steroids (the reason for being widely known 
as C18 steroids (Templeton, 1969)). The ring is called cyclopentanophenanthrene 
nucleus and is a tetracyclic ring structure (Figure 2.4) consisting of three 
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hexagonal (or 6-membered rings) (A, B, C) and one pentagonal (5-membered ring) 
(D) (Hill et al., 1991). The outstanding structural feature of oestrogens is the 
aromatic nature of ring A, and the consequent absence of the angular methyl 
group from C-10. The phenolic ring, A, holds a 3-phenolic hydroxyl group with 
which the molecule attaches to the hormonal receptor. 
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Figure 2.4. Structure of the cyclopentanophenanthrene ring. 
Binding of the 17ß-oestradiol molecule with other molecules or with the oestrogen 
receptor surface can occur by the 3- and 173-hydroxy groups of the oestrogen, the 
steroid skeleton and by the aromatic A-ring forming hydrogen bonds, hydrophobic 
interactions and a it- complex, respectively. The same is applicable for 17a-ethinyl 
oestradiol, however, the molecular structure varies because of the presence of 
ethinyl group at the 17- position. 
Table 2.1. Physicochemical properties of 17p-oestradiol and 17a-ethinyl 
oestradiol (Lai et al., 2000). 
Molecular Water solubility Vapour Log octanol/water partition Oestrogen 
weight (mg/L) pressure (Pa) coefficient (log K. N. ) 
173-oestradio1 272.39 13 3E-08 3.10 
17a-ethinyl 
296.40 4.8 6E-09 3.67 
oestradiol 
Oestrone is transformed by 173-hydroxy steroid dehydrogenase to 17ß-oestradiol. 
It is therefore concluded that these two compounds are biologically equivalent 
since they are metabolised via the same pathways. Ethinyl oestradiol, in contrast 
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to the natural oestrogens, is relatively resistant to metabolism by 173-hydroxy 
steroid dehydrogenase. This is attributed to the presence of the 17a-ethynyl group 
instead of the 17(3-ethynyl group and is metabolised by aromatic hydroxylation 
leading to oestrone and oestradiol and conjugates (sulphates and glucuronides) 
(Fotsis, 1987a, b). 
The cyclopentanophenanthrene part of the molecule is lipophilic, however, the 
addition of either phenolic hydroxyl or/and carbonyl groups, which are 
hydrophilic groups, favours the partitioning (adsorption) of these molecules to 
solid surfaces. Properties which define the partitioning of endocrine disruptors to 
different surfaces are the solubility, octanol/water (Kota) and carbon/water (Kos) 
coefficients (Table 2.1). Adsorption is favourable when the substances exhibit low 
solubility in water and have high Kai,, and K. The particular hormones however, 
have low solubility and log KoW thus are a notable exception. Their behaviour is 
similar to that of moderately hydrophobic contaminants such as trichlorobenzene. 
2.2.6 Sources, Excretion and Disposal of Oestrogens 
Oestrogens, are produced by all mammals and are excreted by both human and 
animal sources. More analytically, their fate after their production is to be 
metabolised in the liver to glucuronide and/or sulphate conjugates (biologically 
inactive) and then get eliminated via urine or via the bile. However, some of the 
conjugates are secreted into the gut, where they are partly de-conjugated by 
enzymes and may be re-adsorbed and re-conjugated. It is important to understand 
that the proportion of the various metabolites formed in every individual depends 
on the level of thyroid activity. Yet, some 17ß-oestradiol is excreted as such. 
Figure 2.5 shows the schematic representation of the fate of oestrogens in the 
body. 
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Production of oestrogens 
This process takes place at the glands, ovaries and testes. 
Excretion 
Some hormones are excreted as such. 
Example: 17b-oestradiol 
Excretion as conjugates. 
Glucuronide and Sulphate conjugates. 
Excretion via urine and faeces. 
Metabolism in Conjugates 
This process occurs in the liver. 
Glucuronide and Sulphate conjugates. 
Readsorbed Reconjugated 
This occurs in the gut. De-conjugated by enzymes 
Action attributed to enzymes. and reconjugated 
Figure 2.5. The fate of oestrogens in the body. 
Ultimately as already mentioned, excretion is mainly via urine, although smaller 
amounts are excreted via the faeces. Hormones are metabolised by hydroxylation 
and conjunction to biologically inactive water-soluble conjugates within the body. 
However, this is not the last stage of treatment they undergo. They additionally 
experience other forms of treatment in municipal sewage treatment works (STW), 
leading to their release to the environment in the final effluents (Guengerich, 
1990). 
Another source for steroid oestrogen presence is the agricultural runoff that also 
aggravates the receiving waters. Due to the growth effects that these oestrogens 
cause to the animals, they have been widely used in meat-producing animals all 
around the world for almost 50 years, especially in the United States. This also 
results in the presence of the oestrogens in the meat (poultry, pork, beef), eggs, 
cheese, milk and milk products (Hartmann et al., 1998). All combined contributes 
to the presence of EDCs in the municipal sewage treatment works. 
The presence of oestrogens in sewage treatment works occurs mainly from 
females of reproductive age or during their pregnancy. Amounts of 10 µmol 
(--2720.4 µg) per day of the steroid oestrogens according to Fotsis (1987b) and as 
high as 30 mg per day (Tyler et al., 1998) can be excreted by a pregnant woman 
while chicken manure can contain over 1 µmol g"1 of either testosterone or 
oestrogen (Shore et al., 1993). 
On the other hand, there is a significant contribution to the oestrogen levels found 
in STWs from the synthetic oestrogen 17a-ethinyl oestradiol, which is used for 
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oral contraception and hormone replacement therapy. Studies showed that 1 in 6 
women in the United States used oral contraception that contained mainly 17a- 
ethinyl oestradiol during the 1990's (Arcand-Hoy et al., 1998). The "pill" 
typically consists of 20 to 50 pg of 17a-ethinyl oestradiol while the hormone 
replacement therapy drug contains 0.625 mg of conjugated oestrone, 17ß- 
oestradiol and 17a-ethinyl oestradiol (Arcand-Hoy et al., 1998). 
Despite considerable improvement in the waste treatment processes (by the 
introduction of competent tools effectively dealing with problems of nutrient 
enrichment and microbial contamination) a multitude of synthetic and natural 
hormones have been discovered in effluents from sewage treatment works (Tyler 
et al., 1996; UK Water Industry Research Ltd, 1999). Total extractable oestrogens 
and conjugates have been detected up to 1 µg/L in such effluents (Lai et al., 2000) 
and the sediments of sedimentation ponds. This discovery (Section 2.2.8) suggests 
that oestrogens are not completely degraded by treatment within the sewage 
plants. 
It was later found that the action of microorganisms in STWs causes hydrolysis of 
oestrogen conjugates. Thus, the natural and artificial steroids are no longer polar 
inactive metabolites bound to glucuronides or sulphate esters as they are in 
majority when excreted from the living organisms but exist in a de-conjugated 
form. Free oestrogens have been observed in STW effluents and this suggests that 
a process of reactivation of the molecules has occurred at some stage during or 
prior to sewage treatment. 
Additionally, as the retention time of the effluents is usually less than four days, 
these compounds do not degrade fully (half lives in water of oestradiol and ethinyl 
oestradiol are 4 and 46 days, respectively at low temperatures) (Lopez de Alda 
and Barcelo, 2000). Instead they bioaccumulate to a considerable degree which 
leads to their release in the final effluents and in the receiving waters. 
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2.2.7 Fate of Oestrogens and Conjugates in Sewage Treatment Works. 
Natural and synthetic oestrogens have been detected in treated sewage effluents 
from works where their input is primarily of domestic origin. There is little 
information in the open literature on the fate of natural oestrogens in the 
environment, a fact that hinders the assessment of their ultimate impact on the 
ecosystem. However, some work appears to have been carried out to establish the 
processes that the oestrogens and their metabolites undergo after excretion and in 
the STW. Considering that microbial activity occurs within sewers and STW, it is 
feasible that de-conjugation of conjugates also occurs. 
Moreover, it has been suggested (Belfroid et al., 1999; Ternes et al., 1999; Panter 
et al., 1999) that oestrogens do not persist in their conjugated form following 
passage through STWs or simulated treatment systems. When assessing the fate 
and quantities of these hormones it has been found that they are present in the 
effluents in a biologically active and unbound (free) form (Environmental 
Agency, 1997). 
Jurgens et al. (1999) studied the biodegradation potential of the key steroid 
oestrogen 170-estradiol (E2) and its synthetic derivative 17a-ethinyl oestradiol 
(EE2). It was found that microorganisms in the river water samples were capable 
of transforming E2 to oestrone (El) with half-lives of 0.2 to 9 days when 
incubated at 566 K. The El was then further degraded at similar rates. E2 
degradation rates were similar for spiking concentrations throughout the range of 
20 ng/L to 500 pg/L. Thus, apart from the transient formation of El, the 
degradation of E2 does not form other significantly oestrogenic intermediates. The 
E2 could also be degraded when incubated with anaerobic bed sediments. 
Compared to E2, EE2 was much more resistant to biodegradation, but both E2 and 
EE2 were susceptible to photo-degradation, with half-lives in the order of 10 days 
under ideal conditions (Jurgens et al., 2002). 
The persistence of 17ß-estradiol and its 5 metabolites was also assessed by Lee 
and Liu (2002). The batch experiments showed that E2 and the metabolites were 
not persistent and could be rapidly degraded by sewage bacteria. Biodegradation 
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of E2 by sewage bacteria appeared to initiate at the D ring of E2, leading to the 
formation of the major metabolite oestrone. No other major degradation products 
were noted. 
The effects of these oestrogens in fish in the concentrations found at the outlets 
from STWs and in vitro experiments have shown that the potency of 17a-ethinyl 
oestradiol is much higher than that of the other two hormones. When fish were 
exposed simultaneously to oestrone and oestradiol, each at 25 ng/L, a highly 
significant vitellogenin response was stimulated, indicating that the oestrogenic 
response to these oestrogens is additive (Routledge et al., 1998). At this point, it is 
worth mentioning that the net effect of a mixture of endocrine disruptors is 
difficult to predict, since the potential interactions of these chemicals can result in 
an additive, antagonistic or synergistic response. 
Even though oestrogens seem to be escaping from the sewage treatment works, 
there is little information on how they may enter the drinking water pathways. 
However, it is foreseen that the natural and synthetic hormones can reach surface 
waters mainly via the domestic sewage effluents (Adler et al., 2001). For drinking 
water production, bank filtration of river waters is a common procedure and 
hormone contamination can potentially reach groundwater levels and drinking 
water sources. 
Jurgens et al. (2002) reported that in raw sewage, the median of the concentrations 
of the de-conjugated steroids was 7 ng/L for EE2,1.5 ng/L for E2, and 5.5 ng/L 
for El. After cleavage of conjugates, the medians of total steroids were 9.5 ng/L 
(EE2), 3 ng/L (E2) and 13 ng/L El. Conjugates therefore contributed up to 50 % 
of the total steroid concentration in raw sewage. In surface waters, the median 
concentrations of the de-conjugated analytes were generally below the limit of 
quantification. After cleavage of conjugates, Jurgens et al. (2002) also reported 
that only the medians of E2 and El were above the limit of quantitation (E2: 0.1 
ng/L and El: 0.4 ng/L), whereas in groundwater only the median for EE2 was 
above the limit of quantitation. 
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Kuch and Ballschmiter (2000,2001) reported that the concentrations of steroids in 
drinking water samples from southern Germany ranged from 100 pg/L to 2 ng/L. 
These results also indicated that environmental endocrine-disrupting oestrogens 
are not completely removed in the process of sewage treatment but are carried 
over into the general aquatic environment. After ground passage, they can 
eventually be found in drinking water. 
2.2.8 Concentrations 
Considerable research has been conducted to investigate the concentration of the 
hormones, their stability and rate of biodegradation in conventional wastewater 
treatment processes. For this purpose, samples were collected and analysed in 
both summer and winter (Tabac et al., 1981), due to seasonal variations in the 
concentration of the above hormones. According to the results, the relatively high 
rate of metabolic activity of microflora of raw sewage in summer months 
compared to winter has a pronounced effect in lowering the concentration levels 
of each of the hormones. In winter months, the activity of microorganisms 
decreases significantly and the biodegradation rates are reduced, with the end 
result of higher concentration levels of each hormone tested in winter samples. 
The levels of oestrogens in water are presented in Table 2.2. 
Tabac et al. (1981) also investigated the efficiency of water treatment works in 
removing oestrogens. The investigations concerned STWs with primary treatment 
only, and STWs with both primary and secondary treatment. The results shows 
that sewage treatment plants having primary and secondary treatment process 
synthetic and natural hormones better than those with primary treatment only. 
However, the loss of these oestrogens in the STW has been found to be 50 to 70% 
(calculated by comparing inlet and outlet concentrations). This suggests that the 
conventional treatment seems inadequate in treating effluents of oestrogenic 
nature. Ozonation, chlorination, carbon or membrane filtration, have been 
suggested as alternatives and more effective processes for steroid degradation. 
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Table 2.2. Concentration levels of 17(3-oestradiol and 17a-ethinyl oestradiol 
found in various types of water. 
Location Oestrogen Type of water 
Concentration Reference 
levels 
17ß-oestradiol Raw sewage water 0.2-0.5 nmol/L 
Tel Aviv, Surface water <0.2 ng/L Shore et al., hi 17 l 
Israel -et a ny Effluents from (1993) 
oestradiol 0.3-0.5 ng/L 
sedimentation tanks 
17 hi l river water 
2-15 ng/L Aherne and a-et ny Not available 
oestradiol 
reservoir water 1-3 ng/L Briggs (1989) 
drinking water <5 ng/L , 
River 173-oestradiol River water 0.21-0.37 ng/L""' 
Thames, Williams et 
Calder and 
17a-ethinyl 
t di l 
River water 
0.024-0.038 
fL:;;; n 
1999 al., 
U. K. oes ra o g 
17ß-oestradiol 
and 17a-ethinyl <0.4-12.2 ng/L River Nene 
oestradiol 
Upstream and Williams et d i L i d ver an r ea, 170-oestradiol ver ownstream r <0.4-4.3 ng/L al., 2003 K U t . . 17a-ethinyl wa er 
<0.4-3.4 ng/L 
oestradiol 
17ß-oestradiol 
d STW ffl 
2.7-17.6 ng/L ouet et Car uents an e g Paris, France 17a-ethinyl 
river samples 1.0-3.2 ng/L al., 2004 
oestradiol 
Penalver et Not available 170-oestradiol Waste water 1.9-2.2 pg/L al., 2002 
2.2.9 Quantification Techniques 
This section provides information on the quantification of the oestrogens of 
interest in this study. The methods that are potentially available for the 
measurement of these substances are divided in two categories: (i) methods based 
on chemical analysis and (ii) methods based on immunoassays. No standard 
methodsix are currently available for the oestrogens 1713-oestradiol and 17a- 
The concentrations of 1713-oestradiol and 17a-ethinyl oestradiol were increased 4 to 10 times at 
the point of STW discharge. 
'" Well established methods with standardized protocols used in the drinking or wastewater 
regulations 
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ethinyl oestradiol and few commercial laboratories analyse for these compounds. 
The literature presented primarily involves the treatment of wastewater instead of 
drinking water, because until recently the endocrine disruption problem has been 
mostly identified in the wastewater medium. However, there are concerns that 
drinking water may also be polluted by these substances but as yet this is just a 
speculation. 
The methods presented to date for quantifying free steroids in aqueous solutions 
are divided into two categories. Although direct measurement is possible (Yoon et 
al., 2003), the majority of methods involve an extraction procedure followed by 
instrumental and/or immunoassay analyses (Tabak and Bunch, 1970; Keith et al., 
1975; Hignite and Azarnoff, 1977; Tabac et al., 1981; Aherne et al., 1985; 
Daeseleire et al., 1991; Shore, et al., 1993; Castillo and Barcelö, 1997; Ternes et 
al., 1998; Snyder et al., 1999,2001a; Stumpf et al., 1999; Edman et al., 2000; 
Laganä et al., 2000; Huang and Sedlak, 2001; Laganä et al., 2001; L6pez and 
Barcelo, 2001b; Ternes, 2001). Since both methods have advantages and 
disadvantages, it has not yet been clear if there is a best technique. The preference 
of one technique to another is dependent on the compound to be analysed, its 
concentration levels and source of water. 
Each analytical method has advantages and disadvantages and only a brief 
description is presented in this section. The detailed description of the techniques 
is outside of the scope of this study however, a more thorough discussion is given 
by Croley et al. (2000), Petrovic et al. (2002) and Giese (2003). 
Characteristic of the bioassay methods is that their development costs are high and 
are specific to the matrices of interest. However, sometimes they can be cheaper 
than the chemical analyses. On the other hand, chemical analysis requires 
relatively clean waters, which is a drawback when the analysis is for wastewater. 
Another problem identified with chemical analysis is that the true limits of 
detection (LOD) are not very clear. 
The procedures for the determination of most of the naturally occurring hormones 
and some related synthetic oestrogens have been described by several researchers. 
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The procedure normally involves pre-concentration of the samples with the aid of 
solid phase extraction of a mixture of water-oestrogen solution or liquid-liquid 
extraction prior to analysis by different analytical techniques (Braun et al., 2003). 
Biological techniques employ a biological end point that is related to a type of 
toxicity or a class of compounds. Receptor binding assays and cellular bioassays 
are the most simple of the biological methods and have rapid response times, high 
sensitivity and relatively low cost (Anderson et al., 1996; Routledge and Sumpter, 
1997; Zacharewski, 1997; Körner et al., 1999; Snyder et al., 2000,2001b; 
Pawlowski et al., 2004). 
Liquid chromatography with diode array detection and mass spectrometry in 
series have been used (Isobe et al., 2003) and recoveries greater than 83% and 
detection limits in the ng 1-1 range have been achieved for most of the compounds 
(Lopez de Alda and Barcelo, 2000). The quantitative application of thin layer 
chromatography and high performance liquid chromatography have not provided 
a satisfactory separation of the major and minor oestrogenic compounds and thus 
the techniques are not considered particularly helpful for low level detection and 
quantification (Cairns et al., 1981). 
Gas chromatography with mass spectrometry (GC/MS) detection has also been 
employed in an attempt to detect low concentrations of oestrogens (ng 1.1) (Lee 
and Peart, 1998; Kelly, 2000; Nakamura et al., 2001; Esperanza et al., 2004). The 
technique has been described as the most widely used for characterisation because 
it provides spectroscopic information even when minute amounts of compounds 
are present in the mixture (Benfenati et al., 1996). A derivatisation step is required 
prior to detection for this analytical method. This derivatisation involves 
silylation, where an alkylsilyl group such as trimethylsilyl or t-butyldimethylsilyl 
(t-BDMS) replaces an active hydrogen. Pentafluorobenzoyl derivates have also 
been suggested to create stability and provide a base solid peak for all major 
oestrogens (Xiao et al., 2001). Compared to their parent compounds, silyl 
derivatives are more volatile, less polar and more thermally stable. As a result, gas 
chromatography separation is improved and detection is enhanced. 
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3. ADSORBENTS 
3.1 INTRODUCTION 
The adsorbents used in this research are commercial activated carbons and 
Macronet polymers. These materials have been identified as suitable for the 
removal of organic species from aqueous solutions due to their well developed 
internal pore structure, surface reactivity and large surface area. This chapter is 
focused on the definition, classification and properties of granular and powdered 
activated carbons and Hypersol-Macronet polymeric adsorbents. The chapter also 
takes into account a considerable amount of research work published to date, 
which is dedicated to preparation, characterisation and applications of activated 
carbons and Macronet polymers for the removal of organic substances (especially 
Endocrine disrupting compounds-the compounds of interest) from water. 
3.2 ACTIVATED CARBONS 
By definition (Jankowska and Swiatkowski, 1991; Edie, 1998) the term activated 
carbon is "a processed carbon material with a highly developed porous structure 
and an extended inter particulate surface area ". These materials are mainly of 
biological origin and principally consist of carbon (87 to 97%) but they also 
contain hydrogen, oxygen, sulphur and nitrogen. These compounds originate 
either from the raw materials used in their production or are generated during the 
manufacturing process. 
Activated carbon is a microcrystalline, nongraphitic form of carbon and can be 
produced in the form of powders, granules, and shaped products satisfying any 
modem engineering requirements. Its exceptional adsorptive properties are 
attributed to the controlled size and distribution of pores within the carbon matrix. 
The strong market position of the activated carbons relates to their unique 
properties and lower cost compared to that of other possible competitive 
adsorbents. 
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Through the choice of precursor, the method of activation and control of 
processing conditions, the adsorptive properties of activated carbons can be 
specially designed for many diverse applications such as the purification of 
potable water and adsorption of various emissions from motor vehicles. In 
drinking water treatment, the carbon is used to remove dissolved organics with 
molecular weights in excess of 45 g/mol (Noll et al., 1992). 
3.2.1 Historical Background 
The use of activated carbon as an adsorbent dates back to the Egyptians in about 
1500 BC (Bansal et al., 1988). It was used in the form of carbonised wood mainly 
for medical purposes as well as a purifying agent. However, the basis of its 
industrial production and utilisation was established in the late 18`h century and its 
uses have broadened since then. The first industrially manufactured activated 
carbons were Eponit decolourising carbons. They have been produced since 1909 
by heating wood charcoal with steam and carbon dioxide in a furnace specially 
designed for this purpose. Activated carbons are now produced industrially by 
several different methods since many new production technologies have appeared. 
Granular activated carbon found uses for purification of gases and extraction of 
vapours from gas streams, recovery of liquid petroleum from natural gas, 
extracting benzene from manufactured coal-gas and recovering volatile solvents 
from various industrial applications. Activated carbon has also been applied to the 
removal of colour, odour, taste and many chemical undesirable species from 
aqueous solutions either by adsorption or ion exchange (Streat et al., 2004). It is 
now extensively used for potable, domestic and industrial waste water 
purification, sugar refining and metal recovery (Hassler, 1974; Donnet and 
Barisal, 1984; Bansal et al., 1988; Roy, 1995). 
Over the last two decades there has been a developing interest in activated carbon, 
and applications continue to develop in response to growing demands for 
environmental protection and emerging technologies. 
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3.2.2 Precursors 
The materials used for the production of activated carbon are of high carbon 
content, and contain a low concentration of inorganic substances. Precursor 
materials include wood, animal bones, nutshells, coconut shell, fruit stones, brown 
coal, bituminous coal, charcoal, peat, lignin, lignite, pitch, mineral oil products 
and petroleum and lubricant wastes (Hassler, 1967; Mantell, 1968). However, 
only wood, bones, coal, lignite, coconut shell and peat have been used on an 
industrial scale because they are currently the only economically viable raw 
materials (Hassler, 1967; Noll et al., 1992). 
As already mentioned, there are many potential raw materials for the production 
of activated carbon but not all of them produce activated carbon of high quality. 
The reason behind this lies in the high amount of inorganics that exist in the 
structure of the raw materials as well as in their scarcity. Poor quality can also 
result from poor storage conditions and difficult workability of the raw materials. 
The principal properties of manufactured active carbons depend on the type and 
properties of the raw material used. The properties of the final product will also 
depend on the nature of the raw material but mostly on the nature of the activating 
agent and the conditions of the activation process. That makes the carbonisation 
and activation processes the most important factors in producing a good quality 
activated carbon. The next section gives a brief review on how activated carbon is 
produced and discusses how the activation of the carbon can result in a material 
suitable for specialised applications. 
3.2.3 Carbonisation 
The first stage of production of the activated carbons is the carbonisation process, 
where the properties of the activated carbon can be modified. The carbonisation 
process involves thermal decomposition and elimination of the non-carbon species 
and can introduce a simple pore structure that depends principally on the physical 
properties of the precursor and can be controlled by the rate of heating. 
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Generally, carbonisation is conducted by heating the initial material up to 973 K 
in the absence of oxidising gases. During this process, the raw material is 
dehydrated i. e. oxygen and hydrogen-containing compounds are decomposed and 
eliminated from the precursor to produce a skeleton possessing a latent pore 
structure. If the temperature of carbonisation is low, impurities such as tar may be 
left in the pores without decomposition. The presence of impurities which block 
the pores may result in a low surface area and limited surface activity. The 
mechanical and adsorptive properties of an activated carbon can also be 
introduced and controlled by addition of various additives during the stabilisation 
and carbonisation process. 
3.2.4 Activation 
The activation process is the second stage of production where any disorganised 
carbon from the surface and the carbon from the aromatic sheets under the surface 
is burned off by contacting the carbonised material either with gases or with 
chemical reagents. This results in wider pores and new porosity with an oxidised 
surface. 
Generally, there are two main activation processes used by industry to 
manufacture activated carbon: physical (or thermal) and chemical activation. The 
main difference between the two is that in physical activation, the process is done 
in high temperature and the yield of activated carbon is low whereas in chemical 
activation the process is carried out at lower temperature and results in a much 
higher yield. 
Physical activation involves carbonisation of the raw material and the activation 
of the carbonised product. Carbonisation is generally performed at temperatures 
around 873-923 K in the absence of oxidising gases (Smißek and Cerny, 1967). 
The resulting material is enhanced by activation via partial gasification with mild 
oxidising agents such as steam, carbon dioxide or a mixture of both at 1073-1273 
K (Freeman et al., 1987). In the case of activation with air or oxygen, there is 
excessive burning of the carbon and the reaction is difficult to control. This is the 
main reason that these oxidising agents are not used for activation purposes. 
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Generally, microporosity is introduced when activation is done using carbon 
dioxide whereas meso or macroporosity develops if steam is used for the 
activation. 
Chemical activation on the other hand involves the reaction of a carbon precursor 
with a reagent. The contact of the raw material with the reagent takes place while 
the temperature increases from 623-1173 K. The commonly used reagents for 
chemical activation in industry until 1970 were zinc chloride, sulphuric acid and 
phosphoric acid. The preferred precursors exposed to this type of activation are 
lignocellulosic materials, wood being the most common. Nowadays, only non- 
mineral precursors can be applied successfully, with wood and olive stones the 
most commercially utilised. Jankowska and Swiatkowski (1991) reported that this 
activation process produces a carbon matrix that contains a considerable amount 
of heteroatoms (including residual of phosphates, sulphates and zinc). 
3.2.5 Physical and Chemical Properties of Activated Carbons 
The structure of activated carbon is best described as a twisted network of 
defective carbon layer planes, crosslinked by aliphatic bridging groups 
(McEnaney and Mays, 1989) .A typical schematic representation of activated 
carbon is shown in Figure 3.1. 
The lattice is composed of pores sizes whose size distribution can be controlled by 
the choice of carbon feedstock and mode of preparation (Figure 3.2). IUPAC 
(Sing et al., 1985) classifies the porosity in carbons in three groups, which are as 
follows: 
Micropores: where the width of the pores is less than 2 nm. 
Mesopores: where the width of the pores is between 2 and 50 nm. 
Macropores: with pore width greater than 50 nm. 
Normally, carbons have a combination of micro, meso and macro pores. 
Micropores exhibit a large surface area (greater than 95% of the total surface area) 
and high adsorption energy and thus play the most important role in adsorption. 
Mesopores are also important in adsorption since organic compounds condense in 
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them due to capillary forces. Polymolecular sorption of organic compounds takes 
place in adsorbents with macropores. The most important pores in adsorption are 
considered to be the micro and meso pores (depending on the application i. e. the 
nature of the molecules to be adsorbed) while macropores are transport arteries 
providing passages for the adsorbate into the interior meso and micro pores (Ryu 
et al., 1999). 
Figure 3.1 Schematic representation of the microstructure of active carbons 
(Bansal et al., 1988). 
The surface of activated carbons, as can be seen from Figure 3.1 and Figure 3.2, is 
not uniform in either structural or in energetic respect. Atoms at the carbon 
surface are in a different electronic state to those in a pore phase, especially on the 
edges of the carbon layers; in the place where defects, dislocations and 
discontinuities of the layer planes are present. Such sites, called the "active" sites, 
are associated with high concentration of unpaired electron spin centres and are 
therefore expected to play a significant role in chemical and adsorptive interaction 
of the activated carbon with different compounds (Puri, 1970). 
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Figure 3.2 General structures of activated carbons from different sources: lignin, 
bituminous coal and anthracite coal (Roy, 1995). 
Nowadays it is well established that almost all types of activated carbon are 
covered with oxygen complexes, unless special care is taken to eliminate them. 
Therefore, the adsorptive properties of an activated carbon are not only 
determined by its porous structure but also by its chemical composition. These 
complexes are often the source of the properties, which make an activated carbon 
useful or effective in certain applications. Very recently, the adsorption and ion- 
exchange properties of engineered activated carbon and carbonaceous materials 
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are reported by Streat et al. (2004). There are two main types of surface functional 
groups; acidic and basic surface groups. They are discussed in the following 
section. 
3.2.5.1 Acid surface functional groups 
Several types of oxides having an acidic character have been identified to exist on 
the surface of activated carbons by different types of techniques; specific organic 
reactions, potentiometry, Fourier Transform infra red (FTIR) and X-ray 
photoelectron spectroscopy (XPS). The structures presented in Figure 3.3 are the 
oxygen containing groups that are found at the edges of the graphene layers. The 
most important ones are the carboxyl (a), carbonyl (f) and single hydroxyl 
(phenolic) (e) groups. 
0 OH 
C 
)06 
(a) 
0 
(b) 
O 
\c-o 
)6& 
(c) 
OH 0 
OO 0 Co 
(e) (f) (9) 
OH 
: )6 
(d) 
(h) 
Figure 3.3 Possible structures of surface oxygen groups (Boehm, 1994). 
Other groups can then be generated from a combination of these three since the 
simultaneous presence of various types of organic groups may lead to more 
complex surface structures. Thus, carboxylic anhydrides (b) can be produced 
when carboxyl groups are close together, lactone groups (c) when hydroxyl and 
carboxyl groups are joint and lactoles (d) when carboxyl and carbonyl groups 
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come close enough (Figure 3.4). Carbonyl groups can also be present on the 
surface of the carbon as conjugated structures called quinines (g). Lastly, ether 
type structures (h), which are stable even at high temperatures can also be found 
on the activated carbon surface. 
Figure 3.4 Possible interaction of oxygen containing groups (Boehm, 1994). 
3.2.5.2 Basic surface functional groups 
Very scant information is available about basic surface functional groups. They 
are formed when a carbon is heat treated above 973 K, cooled in an inert 
atmosphere and re-exposed to oxygen at room temperature. In order to explain the 
uptake of acids, Garten and Weiss (1957a, b) proposed a chromene structure, but 
g-pyrone-like structures are more likely (Voll and Boehm, 1971). These structures 
are schematically shown in Figure 3.5 and they characteristically possess two 
oxygen groups situated on different rings of the graphitic layer. 
There is also evidence that that protons can be adsorbed on basal planes either by 
reaction with pyrones or by donor-acceptor interactions. The end result is the 
formation of basic surface structures, which can be represented by pyrone like 
structures with oxygen atoms, in general located in two different rings of a 
graphite layer, the positive charge being stabilised by the resonance. (Figure 3.6). 
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0 
Figure 3.5 Possible structures of basic surface sites on a graphene layer (Voll and 
Boehm, 1971). 
OH 
------------- + H} + CI ------------- 
0 
Figure 3.6 Reaction of proton with pyrone-like structure (Voll and Boehm, 1971). 
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3.3 HYPERSOL-MACRONET POLYMERS 
Hypersol-Macronet polymers are a new series of polymeric networks invented and 
developed by Davankov and Tsyurupa (1969). They were firstly called 
"Styrosorbs" by the Russian inventors but they were later renamed Hypersol- 
Macronet polymers by Purolite International Ltd, that produced them on an 
industrial scale. The new polymers are remarkable materials, offering different 
characteristics to other polymeric resins. 
Hypersol-Macronet polymers are based on a spherical styrene-divinylbenzene 
copolymer that is crosslinked when the polymer is in the swollen state. Their 
unique morphology results from expanding the polymeric chains in a good 
(swelling) solvent and fixing it to methylene crosslinked bridges created by 
Friedel-Crafts reactions of chloromethyl groups (Verveka and Jeräbek, 1999). 
According to the inventers Tsyurupa and Davankov (2002), "Hypercrosslinked 
polystyrene has been obtained on the basis of pre formed polystyrene chains 
dissolved in or swollen with a good organic solvent by means of converting each 
two phenyl rings of the initial polystyrene chains into one (or more) crosslinking 
bridges of a very restricted conformational mobility". Hypersol-Macronet 
polymers have the following well defined structure (Figure 3.7). The degree of 
crosslinking is determined as the ratio of the number of crosslinking bridges in 
crosslinked polystyrene to the number of unsubstituted phenyl rings in all 
polystyrene chains (Davankov et al., 1981). 
The formation of an expanded and rigid polymeric network in the presence of 
large amounts of a solvating media leads to two fundamentally important 
consequences. Firstly, due to the large number of bridges formed it results in a 
crosslinked material with a markedly low density of chain packing, thus revealing 
new types of porosity with high surface areas (1000-1900 m2/g). Secondly, 
polymeric adsorbents with strong inner stresses are created. The latter stems from 
the natural tendency of the polymers to shrink and become more dense during the 
removal of the solvent. Both consequences, are the reasons that this group of 
polymers exhibit exceptionally high adsorption capacity. 
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Figure 3.7 Formula of Hypersol-Macronet polymers (Davankov et al., 1981). 
Macronet polymers have been produced using various different crosslinking 
agents, amongst which are monochlorodimethyl ether (MCDE) (Davankov et al., 
1976; Marsheva et al., 1981), p-xylylene-dichloride (XDC) (Davankov et al., 
1974), and 4,4-bis-chloromethyldiphenyl (CMDP) (Marsheva et al., 1981). The 
first two were particularly used at the beginning of the production, where gel type 
styrene divinylbenzene resins were produced by a copolymerisation reaction. The 
produced resins were characterised by loose structure, fine pores and narrow pore 
distribution and were used only in the presence of suitable media that would swell 
the polymeric network created (Tsyurupa and Davankov, 1980). Later however, 
the interaction of the original polymers with toluene and methanol made 
polystyrene precipitate from its solution, resulting in particle formation by 
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repeated sedimentation. The polymers produced were highly crosslinked 
Macronet isoporous polymers. 
The following figure (Figure 3.8) shows the production of isoporous styrene 
polymers by crosslinking linear chains of polystyrene in a solution with 
monochlorodimethyl ether or by cross-linking of swollen styrene-divinylbenzene 
(DVB) copolymers by means of 4,4'-bis chloromethyl-diphenyl (CMDP) in the 
presence of Friedel-Crafts catalyst. 
Styrene Polymer Crosslinking agents 
--- CH2 - CH---- 
" 
CMDP 
CHI 
CICH2 
O 
2HG 
CICH2OCH3 
--- CH2 - Cam... MCDE 
Macronet Polymer 
II HZC CH2 
H! -OO -CHZ OO CHZ- OQ-CH 
Ii 
---- CH2 - CHF--- 
O 
H2q 
9 -CH Z- CH---- 
Chloromethylafed Polymer 
Figure 3.8 Synthesis of polymers (Davankov et al., 1976). 
F.. CHZ - CH 
- HCl 
" 
- CHZ - CH--- 
In the 1980s it became apparent that these polymers were extremely versatile. The 
geometric structure of the pores of the polymers was easily adjusted and polymers 
with microporous, mesoporous, and macroporous structures were produced. 
Moreover, the polymer surface chemistry could be changed by using comonomers 
with the desired functional groups at the stage of copolymerisation or by chemical 
transformation of the polymer formed using appropriate modifying agents 
(Belyakova et al., 1986). For example, the structure could be partially sulphonated 
or fully sulphonated depending on the properties of the molecules required to be 
adsorbed (Jeräbek and Setinek, 1989). 
The adsorption capacity of the hypercrosslinked polymers increases with the 
number of active functional groups in the polymer provided that they are 
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accessible to the adsorbate molecules and it was shown that the adsorption of 
chemically active gases involved formation of weak chemical bonds between the 
gas molecule and the corresponding functional groups of the polymer (Belyakova 
et al., 1984). Polymers of different basicity may be obtained depending on the 
aminating agent (Figure 3.9). 
CH CH2 CH CH2 
O 
ST DVB 
H CH2 
m 
Jn 
CH CH2 CH CH2 
OO 
TH2 ? 
Ri NR2 
m 
CICH2OCH3 
10 
and 
HNR1R2 
where R1 and R2 are hydrogen, 
alkyl, alkylenamine or carbinol. 
Figure 3.9 Synthesis of polymers with basic functional groups (Belyakova et al., 
1984). 
The polymers are obtained by suspension copolymerisation of styrene (ST) with 
divinylbenzene (DVB), chloromethylation of the ST-DVB copolymer by 
monochlorodimethyl ether and subsequent amination. Other ways of synthesising 
polymers with slightly different amine functional groups are more extensively 
described by Belyakova et al. (1984). Examples of hypercrosslinked polymers 
with acid functional groups are shown in Figure 3.10. 
Alternative crosslinking agents used for Macronet production were p, p'-bis- 
chloromethyl-1,4-diphenylbutane (DBP) and tris-(chloromethyl)-mesitylene 
(Tsyurupa et at, 1984a), dimethylformal (DMF) (Tsyurupa et at, 1984b), 
methylal and lately 2,2'-azobis(isobuthyronitrile) (AIMN) in the presence of 
Friedel-Crafts catalysts (Belyakova et at, 1986). 
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Figure 3.10 Synthesis of polymers with acidic functional groups (Webster et al., 
1991). 
Later, soluble intramolecularly hypercrosslinked polystyrene was obtained by 
crosslinking linear polystyrene with a bifunctional reagent as well as by an 
intramolecular Friedel-Crafts reaction of partially chloromethylated polystyrene in 
diluted solutions. This way of synthesis also resulted in polymers with a large 
inner surface area and an open globular structure that would dissolve in toluene 
and swell in methanol (Tsyurupa et al., 1993). 
Hypersol-Macronet polymers were first marketed in 1999 by the Purolite 
International Ltd., USA (Purolite web page, 2004). There are many types of 
Hypersol-Macronet polymers, which are shown in Table 3.1. They have become 
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widely employed for the isolation and purification of organic substances, 
treatment of waste waters, solid phase extraction, adsorption of organic substances 
from water (lipids, phenol, chrorophenols, dyes, fatty acids, etc. ) and from gases, 
adsorption of organic vapours (solvents, aliphatic amines, molecular iodine etc. ) 
and chromatographic analysis (column packing for HPLC, gel-permeation 
chromatography and gas chromatography (Beth et al., 1993; Tsyurupa et al., 
1995). 
Table 3.1 Description of Hypersol-Macronet polymeric resins (Purolite technical 
data sheet, 2004). 
Name Surface Area 
W/o 
d50Ä 
Microporous 
d50A 
Meso & 
Macropores 
Dry weight 
capacity 
eq/kg 
Functionality 
MN 100 800-1000 15 850-950 0.6-0.8 WBA 
MN 102 800-1000 15 850-950 0.6-0.8 WBA 
MN 150 800-1000 14 300-400 0.4-0.7 WBA 
MN 170 1200 25 (nil) 0.7-1.0 WBA 
MN 200 800-1000 15 850-950 NA None 
MN 250 800-1000 14 300-400 NA None 
MN 300 800-1000 15 850-950 1.2-1.4 WBA 
MN 400 800-1000 15 850-950 0.6-0.8 SBA 02 
MN 500 800-1000 15 850-950 2.2-2.4 SAC03 
MN 600 800-1000 15 850-950 0.4-0.8- WAC 
"WBA = Weak base anion, '2SBA = Strong base anion 
'3SAC = Strong acid cation, '4WAC = Weak acid cation. 
NA = Not applicable 
The inner surface of the polymeric sorbents was found to be easily accessible to 
both small and large organic molecules due to a cooperative conformational 
rearrangement of the network under the influence of the sorbate molecules. This 
was efficient in extracting non-polar and polar compounds from aqueous and 
organic media and created suitability for use of the polymers as column packing in 
size exclusion chromatography of oligomers (Davankov and Tsyurupa, 1989). 
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Concerns about the increase of the volume of the polymer when in water due to 
swelling were raised when the polymers were applied for water treatment 
purposes. Initially, Millar et al. (1963) suggested that the increase in polymer 
volume was zero, implying that the water accumulated in the already existing air- 
filled pores. After a pore volume determination technique was developed (Rabello 
and Coutinho, 1993), the above argument of "no volume expansion" was 
generally accepted (Davankov et al., 1977). 
Recently published research has been scarce because the synthesis principle of 
obtaining Macronet hypercrosslinked polymers has been well investigated and 
developed. Latest papers give a review discussing the basic principle of formation 
of hypercrosslinked polymers demonstrating different ways of obtaining these 
polymers i. e. via polymerisation and polycondensation processes as well as by 
crosslinking linear macromolecules of different nature (Tsyurupa and Davankov, 
2002). Furthermore, better understanding on the mechanism of sorption has been 
achieved by investigating parameters such as the hyper-crosslinking degree. It was 
found that the synthesis of polymers in polymer chains offers the flexibility for the 
sorbate to penetrate into the polymer mass. It was concluded that when assessing 
the adsorption mechanism it is necessary to take into account adsorption by 
accumulation of sorbate on the border between polymer and fluid phase and 
adsorption of sorbate into the polymer matrix (Verveka and Jeräbek, 2004). 
3.4 ADSORPTION OF ENDOCRINE DISRUPTING CHEMICALS BY 
ACTIVATED CARBON AND HYPERSOL-MACRONET POLYMERS 
Environmental issues gained increasing prominence in the latter half of the 20`h 
century. Global population growth has led to increasing pressure on worldwide 
natural resources including air and water, arable land and raw materials, and 
modern societies have generated an increasing demand for the use of industrial 
chemicals. The use of these chemicals has resulted in great benefits in raising the 
standard of living, prolonging human life and improving the environment. 
However, as new chemicals are introduced into the marketplace and existing 
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chemicals continue to be used, the environment and human health impacts of 
these chemicals has become a concern. 
It is important to mention that despite early evidence, the problem of EDCs only 
became a definite environmental issue in the early 1990s and thus the literature on 
removing these chemicals from water is limited. The previous chapter provided 
extensive description of the problem and the reader should be prompted there for 
more details. This section will only provide evidence of the adsorption of 
endocrine disrupting compounds from water by activated carbons and polymeric 
adsorbents. For better presentation and understanding, EDCs have been divided 
into the following main categories; surfactants, phenolic compounds, pesticides, 
herbicides and oestrogens. 
3.4.1 Adsorption of Surfactants 
Surfactants have been found to cause serious environmental concern especially 
when their direct or indirect release to the environment is high. Therefore, ways of 
removing them from water before they are released to the environmental have 
been required in order to secure their use. Using activated carbon has been 
suggested (Basar et al., 2004) as a effective technique to remove surfactants. 
Batch experiments were performed in order to investigate the sorption capacity of 
the surfactants using powdered activated carbon and a maximum adsorption 
occurred at 1.1 and 0.5 mmol g'1 for two different types of surfactants. 
3.4.2 Adsorption of Phenolic Compounds 
Activated carbon has been employed very early for adsorption of organic 
pollutants. Coughlin and Ezra (1968) reported the adsorption capacity of phenolic 
organic compounds on chemically treated activated carbon. The findings on 
phenol adsorption from aqueous solutions showed that sorption of high phenol 
concentration was not affected by the presence or absence of oxygen containing 
groups on the activated carbon surface. However, in dilute aqueous solutions, the 
phenol amount adsorbed was reduced when oxygen containing groups on the 
carbon surface were increased A possible explanation was attributed to the 
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formation of complexes of associated water within the pores of the adsorbent. 
That was suggested to prevent the adsorption of the organic molecules to the 
largest portion of the adsorbent's active area. 
Moreno-Castilla et al. (1995) also investigated the adsorption of several phenolic 
compounds using activated carbons. They found that the factors affecting the 
adsorption included the surface area and porosity of the activated carbon, the 
solubility of the phenolic compound, the pH of the solution and the 
hydrophobicity of the substituent. Electron donor-acceptor complexes formed 
between the active (basic) activated carbon surface sites and the aromatic ring of 
the phenol were found to be the key to the mechanism of adsorption. Interactions 
of the basal planes of the carbon with the aromatic ring of the phenol was also 
reported by Leng and Pinto (1997). They also observed that increase of the 
concentration of the surface carboxyl groups caused decrease of the capacity of 
the phenols due to weaker dispersion interactions with the carbon basal plane. 
On the other hand, Vidic et al. (1997), reported an increase in adsorption capacity 
of phenolic compounds such as 2-methylphenol and 2-chorophenol as high as 2.5 
fold, when oxygen containing groups exist on the carbon surface. The presence of 
acidic surface functional groups hindered the ability of activated carbon to adsorb 
phenolic compounds by reducing the effectiveness of oxygen-containing basic 
groups to enhance the adsorption considerably by oxidative coupling reactions. 
The adsorption and kinetic study of phenol with commercially available activated 
carbons conducted by Nevskaia et al. (1999) showed that inorganic impurities 
such as carbonates and silica impurities do not have an effect on the phenol 
adsorption when activated carbon is chemically treated with several oxidising 
agents. On the other hand, carboxyl, anhydride, peroxidic and phenolic groups 
formed at the micropore entrances, remarkably diminish the adsorption of phenols 
on the oxidised activated carbons. 
It is evident that there is much inconsistency regarding the effect of acidic oxygen 
surface groups on activated carbons. Nevskaia et al. (2001) reported that the 
introduction of oxygen surface groups enhanced the adsorption of nonylphenol, 
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whereas Ania et al. (2002) stated that carbons with a high oxygen content exhibit 
low adsorptive capabilities for phenol and salicylic acid. Haydar et al. (2003) 
suggested that models in which surface carbonylic groups act as basic adsorption 
sites can be ruled out for the entire isotherm of p-nitrophenol, however Laszlö et 
al. (2004) reported that adsorption behaviour of phenol and trichlorophenol is 
influenced by acid-base behaviour. 
A different approach was taken by Jung et al. (2001), who suggested that the 
adsorption behaviour of phenol and chlorophenols on activated carbon is 
controlled by the dispersion force between the it-electrons in activated carbon and 
those in phenol molecules. It is clear that the adsorption mechanism onto activated 
carbons cannot be attributed to the classification of particular compounds, but is 
dependent on the precise chemical structure and functionality of specific 
compounds of phenolic origin. 
3.4.3 Adsorption of Pesticides 
The sorption behaviour of pesticides is a function of the hydrophobicity of the 
organic compound and the microstructure of the sorbent. The sorption kinetics of 
atrazine, bromoxynil and diuron onto GAC were successfully predicted using the 
homogeneous surface diffusion model (Baup et al. 2000). The adsorption of 
atrazine in activated carbon fibres was found to be 7 times that of commercial 
GACs (Martin-Gull6n and Font, 2001), which was attributed to the wide-opened 
microstructure of the carbon fibre, with an appreciable contribution from smaller 
mesopores. 
Streat and Sweetland (1998) investigated the adsorption of simazine, 
chlorotoluron, isoproturon and diuron onto hypercrosslinked polymer. It was 
concluded from their study that adsorption is mainly controlled by hydrophobic 
interactions and hydrogen bonding, with size-exclusion also affecting the sorption 
of larger pesticide molecules. Similar behaviour is also reported for polar 
polymeric sorbents, where the most hydrophobic compound, atrazine, was shown 
to exhibit the greatest adsorption (Trochimczuk et al., 2003). 
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3.4.4 Adsorption of Herbicides 
Herbicide compounds are similar in structure and functionality to pesticides, and 
the adsorption mechanisms appear to be consistent both for GACs and polymers. 
It is suggested that herbicide adsorption on GACs occurs via a donor-acceptor 
mechanism, whereas the adsorption onto polymers is due to dipole-dipole 
interaction or hydrogen bonding (Streat and Homer, 2000). It was also found that 
activated carbon F-400 showed a significantly higher adsorption capacity for the 
herbicides benazolin, bentazone, imazapyr and triclopyr than hypercrosslinked 
polymeric resin MN-200. 
Investigation into the kinetics of herbicide adsorption onto GACs suggested that 
the adsorption process was exothermic, and could be applied to a shrinking-core 
mass-transfer model (Gimeno et al., 2003). Also of note is that the adsorption 
capacity of GACs decreases dramatically in the presence of natural organic matter 
(Ebie et al., 2001) and fulvic acid (Streat and Homer, 2000), which suggests that 
the sorption capacities obtained with pure water are unlikely to be replicated in an 
industrial wastewater environment. The presence of organic matter was an 
important factor affecting the adsorption since blockage of the pores would inhibit 
diffusion of the organic compounds into internal active sites. 
3.4.5 Adsorption of Oestrogens 
There has been little work published in adsorption studies of oestrogens like 17(3- 
oestradiol, oestrone and 17a-ethinyl oestradiol from carbon. As yet no data has 
been published for the removal of these substances from water by the use of 
polymeric adsorbents. Lathe et al. (1985) examined the rate of adsorption of 17(3- 
oestradiol by activated carbon in the assay of tissues of oestradiol receptors. The 
objective of their experiments was to test whether the porosity of activated 
charcoal influences the uptake of oestradiol, in other words to define whether the 
uptake was fast or slow. The results showed that microporous carbons adsorbed 
1713-oestradiol less than CO2 but with nonporous carbons the CO2 and 17(3- 
oestradiol uptake were comparable. Also the microporous carbons initially 
showed fast uptake of oestradiol followed by a very slow stage. The latter was 
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proposed to exist due to the molecular sieve effects that microporous carbons 
exhibit towards 170-oestradiol. 
However, this preliminary study (Lathe et al., 1985) dated back in the mid 1980's 
and it was not based on adsorption studies concerned with the removal of 
oestradiol from water. The only information derived from this paper was that the 
equilibrium period was 6-7 and 11 days for activated carbon and for carbon cloth, 
respectively. It was also stressed that the uptake of oestradiol was influenced by 
the material in which the samples were stored in and by detergent contamination. 
Therefore, especially at low concentrations, a rigorous system of washing the vials 
was advised so as to remove any detergents from the glassware and the storage of 
the samples in plastic containers was prohibited. 
Adsorption and partitioning studies were also performed to predict and assess the 
fate of natural and synthetic oestrogens after their discharge into the rivers. Lai et 
al. (2000) conducted a series of experiments to ascertain the effects of differing 
environmental conditions on oestrogen partitioning to sediment. It was 
demonstrated that at higher oestrogen concentrations there was decrease in 
oestrogen removal, while higher levels of sediment induced greater removal. 
Adsorption isotherms of 170-oestradiol onto granular activated carbon have only 
recently been studied. Long-term experiments were conducted to assess the time 
that is necessary to reach equilibrium between the solid and liquid phase 
(Fuerhacker et al., 2001). The adsorption kinetics were measured by liquid 
scintillation counting using radio labelled 170-oestradiol at various concentrations 
in the pg/L range. It was reported that equilibrium was reached after 50-180 min 
and that due to the very low concentrations used, the driving force for reaching the 
equilibrium between the water and the charcoal is very weak. The data was fitted 
to a pseudo-first order kinetic model and it was seen that no higher order reaction 
rate occurred. The equations for Freundlich and Langmuir isotherms were found 
to give good estimations in concentrations close to saturation, but were not 
appropriate for estimations at very low concentrations. 
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The last published literature was by Yoon et al. (2003) and that concerned 
adsorption of oestrogens from water. The study was interesting since several 
powdered activated carbons were employed for adsorption purposes. The study 
indicated that all EDCs investigated were removed by powder activated carbon 
with some of the adsorbents performing better than others. The overall percentage 
removal according to this publication ranged from 31% to > 99% based upon the 
powdered activated carbon type and dosage used and the presence or absence of 
natural organic matter in the system. 
52 
Chapter 4: Characterisation of Adsorbents 
4. CHARACTERISATION OF ADSORBENTS 
4.1 INTRODUCTION 
Granular activated carbons and Hypersol-Macronet hypercrosslinked polymers 
possess large internal surface areas as already mentioned in Chapter 3. The 
surface area they possess together with their porous nature control their ability to 
adsorb the adsorbates of different size. The adsorption of organic species from 
aqueous solutions is also influenced by the surface functional groups of the 
adsorbents. 
This chapter gives results on the surface area of the different adsorbents and 
investigates their porous nature by nitrogen adsorption technique and scanning 
electron microscopy (SEM). The chemical characteristics of granular activated 
carbons and Hypersol-Macronet hypercrosslinked polymers have been studied by 
a variety of techniques e. g. Fourier transform infrared spectrometry, sodium 
capacity determination, pH titrations and proton binding curves, electrophoretic 
mobility measurements, elemental analysis, nitrogen content determination, in 
order to elucidate the sorption mechanism of 170-oestradiol and 17a-ethinyl 
oestradiol from water onto these adsorbents. 
4.2 THEORY 
4.2.1 Surface Area and Pore Size Distribution 
Surface area is an important characteristic of any porous material since it indicates 
the extent of potential chemisorption and/or physisorption. The pore size and 
shape of the adsorbent in comparison to the size of the adsorbate will define the 
performance of the adsorption process since the kinetic performance is directly 
related to adsorbate intra-particle diffusion. 
A range of techniques are available for surface area and porosity determination 
among which are the physical adsorption of gases, immersion calorimetry, flow 
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microcalorimetry, high-resolution transmission electron microscopy (HRTEM) 
and mercury porosimetry. The most widely used of all is the gas adsorption 
technique, where gases such as nitrogen, argon and n-butane are adsorbed in the 
pores of the material. The surface area and porosity of the various granular 
commercial activated carbons and Hypersol-Macronet polymers used in this study 
were determined using nitrogen adsorption. 
This section summarises the theory and the significance of the isotherms 
generated from nitrogen adsorption before presenting the surface area and pore 
size distribution results. The types of isotherms are discussed and conclusions 
derived from their characteristics are also included. 
4.2.2 Nitrogen Adsorption Characterisation Technique 
Gases are adsorbed by porous solids when in an enclosed environment under 
pressure; the adsorption of the gases cause a drop in the overall pressure of the 
system. The drop of the system pressure ceases when no more gas can be 
adsorbed on the surface of the solid and the pressure stabilises to a constant value 
(lower than the initial overall pressure value). The amount of gas adsorbed on the 
surface of a porous solid can then be calculated from the change in pressure of the 
system since the volume of the enclosed environment and solid are known. 
Adsorption is also dependent on the temperature, pressure and molecular size of 
the gas and the available surface area of the porous material. 
The gas used in this study was nitrogen held at a constant temperature of 77 K and 
the pressure of the system was recorded. The volume of gas adsorbed vs. the 
relative pressure of the system (p/p°) generates an adsorption isotherm. Porosity in 
solids is characterised from information contained within the adsorption isotherm. 
Other information extracted, according to Patrick (1995), from the adsorption 
isotherms are: 
" Estimation of the surface area of the adsorbent. 
" Estimation of the pore volume in the various porosities present, i. e. pore- 
size of potential energy distributions. 
" Assessment of the surface chemistry of the adsorbent. 
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" The fundamentals of the adsorption process, i. e. the nature of the adsorbed 
phase. 
There are six identified shapes of isotherm that are obtained from adsorption 
experiments. A knowledge of adsorption mechanisms in different sizes of porosity 
is necessary to explain the different isotherm types. Type I-V have been proposed 
by Brunauer, Deming, Deming, and Teller (BDDT) (Gregg and Sing, 1982) 
whereas type VI was additionally suggested by Halsey (1948). A graphical 
representation of the shapes are presented at Figure 4.1. 
Amount of gas adsorbed 
(mmol g'1) 
Type lII Type II 
Type III III Type IV 
Hysteresis 
loop 
Type VII Type VI 
loop IV coverage 
Relative pressure (p/p°) 
Figure 4.1 Classification of isotherm shapes into six principal classes (Gregg and 
Sing, 1982). 
Type I isotherm is typical for microporous solids. The main characteristic of this 
isotherm is that the pore filling occurs at relatively low partial pressures (< 0.1 
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p/p°) and the adsorption process is completed at 0.5 p/p°. This occurs due to the 
narrowness of the pores, which prohibits the formation of more than a single 
molecular adsorption layer (Langmuir, 1918). When the pressure is sufficiently 
high, a saturation capacity is reached and monolayer coverage occurs. The shape 
of the isotherm was based on the classical Langmuir model (1918) that could be 
represented by: 
n 
APIL! ° Eq. 4.1 
nm 1+C P/P 
where the constant c is related to the adsorption energy and is dimensionless, n is 
the adsorption capacity (mmol/g), nm the monolayer adsorption capacity (mmol/g), 
p the pressure (Pa) and p° the saturation pressure of the system (Pa). 
Type II on the other hand describes the unrestricted monolayer-multilayer 
physical adsorption of gases by non-porous solids or by solids of mixed micro- 
and mesoporosity where the gas uptake continuously increases. The coverage 
initially involves the layer closest to the adsorbent surface and continues until high 
p/p°, where multiplayer adsorption takes place. Type III and V isotherms originate 
from weak gas-solid interactions that result in low adsorption levels at low 
relative pressures. Type III is characteristic of non-porous and microporous solids 
whereas type V corresponds to a combination of micro- and mesoporous 
adsorbents. 
Type IV and V possess a hysteresis loop (a steep closure point) of variable shape 
in the desorption section. Hysteresis loops are only found in the isotherms of 
mesoporous materials where capillary condensation occurs (Marsh, 1991). At low 
equilibrium pressure these types of isotherm describe monolayer adsorption on the 
adsorbent surface. When the layer closest to the surface is filled up, subsequent 
layers are developed until the pores fill up with the adsorbate. The lower line of 
the hysteresis loop illustrates the filling of the pores after which adsorption is 
constrained to the exterior surface of the adsorbent. Lastly, type VI isotherm, 
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which is relatively uncommon, represents a stepwise multilayer adsorption on a 
uniform non-porous material such as graphitised carbon (Dash, 1975). 
4.2.3 Electrophoretic Mobility 
Electro-kinetic effects occur when an electric field is applied to charged particles. 
This phenomenon is known as electrophoresis, and describes the movement of a 
charged particle in an electrolyte under the influence of an applied electric field. 
Zeta potential (ZP) is related to electrophoretic mobility and is an index of the 
magnitude of interaction between particles. 
Suspended solids possess a charge, which depends on the nature of both the solids 
and the surrounding medium (Malvern Instruments, 1998). The surface charge 
density can be altered by dissociation of acid or basic surface groups and solution 
pH. The dissociation of oxygen containing groups induces a negatively charged 
surface whereas the ionisation of basic groups results in a surface with a positive 
charge. The net surface charge can be adjusted to positive, zero or negative by 
changing the solution pH. 
A positively or negatively charged particle possesses two surrounding liquid 
layers (Figure 4.2). The closest is an inner region called the Stem layer, in which 
the ions are strongly bound to the particle. Adjacent to that region is a film layer 
called the diffuse layer where the ions are less associated with the particle, and the 
electrophoretic potential in this last boundary is called zeta potential. 
Zeta potential is usually plotted against the solution pH, and the X-intercept is 
known as the isoelectric point (IEP). The surface charge is mainly positive at pH 
values lower than the IEP whereas the surface is negatively charged at pH values 
higher than the IEP. The difference between the IEP and PZC is that the IEP 
values are only representative of the external surface area whereas the PZC varies 
in response to the net total, internal and external surface charge of the particles. 
57 
Chapter 4: Characterisation of Adsorbents 
4 
Negatively .. 1 - 
. ý- . ý.: charged 
++ 
particle - .ý 
'""""" 
.............. ". 
:ý,; 
mV 
Sur ace potential 
Stern potential 
Zeta otential 
Distance from particle surface 
Figure 4.2. Schematic representation of an ion cloud surrounding a negatively 
charged particle in water (Amirtharajah and O'Melia, 1990). 
4.3 EXPERIMENTAL PROCEDURE 
4.3.1 Adsorbents 
Four commercial granular activated carbons and four Hypersol-Macronet 
hypercrosslinked polymers with high surface areas and controlled pore-size 
distributions were evaluated for the removal of oestrogens from water. The 
materials employed for adsorption studies were characterised and this section will 
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present all the experimental procedures adopted for this purpose. The following 
sections will describe the preparation of the adsorbents before use and their 
characterisation techniques. 
Table 4.1 lists the different precursors and suppliers of the various granular 
activated carbons used. These samples were washed with distilled water several 
times to ensure that all dust particles were removed from their surface. They were 
then dried in an oven at 378 K for 24 hrs. 
Table 4.1. Granular activated carbons. 
Name Carbon manufacturer Precursor 
AW 1100 Westvaco Corporation Wood 
Brimac 216 Tate & Lyle Process Technology Bone Charcoal 
SAC6 Eurocarb Coconut shell 
YAO -- [E-urocarb Coconut shell 
Table 4.2 Hypersol-Macronet polymeric resins. 
Name Surface Area 
(m2/g) 
Pore Volume 
(mUg) 
d50A (Meso 
& Macropores) 
Functionality 
MN 100 800-1000 1-1.1 850-950 WBA 
MN 200 800-1000 1-1.1 850-950 None 
MN 250 800-1000 0.6-0.8 300-400 None 
MN 500 800-1000 1-1.1 850-950 SAC#2 
#'WBA: Weak base anion exchanger 
#2SAC: Strong acid cation exchanger 
Hypersol-Macronet polymers were chosen on the basis of surface area, 
functionality and pore size distribution and were supplied by Purolite International 
Ltd, UK. Table 4.2 shows the different Macronet polymers used in the study; MN 
100 and MN 500 contained weakly basic and strongly acidic functional groups 
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respectively, whereas MN 200 and MN 250 were non-functional polymers with 
different porosity. 
All polymers were soaked in ultra pure water for 2 hours before being washed 
several times using the same medium. They were then dried in an oven at 358-363 
K for 24 hours. Once dry, they were conditioned with methanol and were left to 
dry in a desiccator until further use. 
4.3.2 Physical Characterisation of Adsorbents 
4.3.2.1 Surface area and pore size distribution 
Surface area and pore size distribution were measured using a Micromeretics 
ASAP (Accelerated Surface Area and Porosimetry) 2010 surface analyser. All 
adsorption isotherms were generated by dosing 99.99 % pure nitrogen at 77 K. All 
adsorbents were out-gassed at 378.15 K under a vacuum of <10 mm Hg for a 
minimum period of 24 hrs on the de-gas port of the analyser. The mass of the 
degassed sample was determined by subtracting the weight of the degassed empty 
tube from the nitrogen back-filled sample containing tube. Density functional 
theory (DFT) was used for the calculation of the pore size distribution of the 
adsorbents. 
4.3.2.2 Scanning electron microscopy (SEM) 
Pictures of high and low magnification were taken using a Cambridge Stereoscan 
360 Scanning Electron Microscope at room temperature and at an accelerating 
voltage of 10 W. The micrographs were all taken at the Institute of Polymer 
Science and Technology (IPTME), Loughborough University and provided 
valuable information regarding external features and the surface morphology of 
the adsorbents. 
The preparation of the samples involved 24-hour drying in an oven at 378 K and 
subsequent storage in a desiccating jar over silica gel prior to analysis. The 
samples were attached onto aluminium platforms using PVA glue and sputter- 
coated with gold. 
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4.3.3 Chemical Characterisation 
4.3.3.1 Fourier transform infrared spectroscopy (FTIR) 
All samples were finely crushed using an agate and pestle and sieved to particle 
size < 40µm. Potassium iodide (obtained from Sigma Aldrich, UK) was also 
finely crushed with an agate and pestle, dried at 383K for 24 hours and stored in a 
desiccator before use. Thin pellets were prepared by subjecting a mixture of the 
samples and dried potassium bromide to a load of 10 tonnes. The ratio of the 
mixture was 1% w/w in order to get absorbance values of less than one. Spectra 
were recorded on a Mattson 3000 FT-IR spectrometer at a resolution of 4 cm 1 at 
64 scans. 
4.3.3.2 Sodium capacity 
A series of experiments were conducted in order to determine the sodium capacity 
of all activated carbons and polymeric adsorbents. Sodium conversion took place 
in a 50 ml Erlenmeyer flask with a predetermined mass of adsorbent (0.5 g) 
contacted with 25 ml of 0.1 M of volumetric standard sodium hydroxide. The 
flasks were sealed with Parafilm and shaken for 72 hours in an orbital shaker. 
After that period, the solution was filtered and 5 ml aliquots were back titrated 
with 0.1 M volumetric standard hydrochloric acid using methyl red as an 
indicator. 
4.3.3.3 pH-titration 
Babic et al. (1999) have shown that adsorption strongly depends on the pH and 
concentration of solution, nature of carbon surface, and size and shape of pores in 
the adsorbent. For the determination of surface properties, the methods such as 
point of zero charge have been introduced. 
A number of solutions were prepared by measuring and transferring 15 ml of 0.1 
M sodium chloride to several 50 ml Erlenmeyer flasks. 0.03-5 ml of sodium 
hydroxide (0.1 M) or hydrochloric acid (0.1 M) was added to each flask using a 
precision micropipette so that solutions of the entire pH range were obtained. 40 
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mg of finely ground adsorbent (<45 µm) was weighed accurately (±0.0005 g) 
using a Sartorious BP 210D balance and then transferred into the conical flasks. 
The flasks were sealed with Parafilm and were agitated in an orbital shaker for 48 
hrs. The pH of the solution prior to the addition of the adsorbent was measured 
using a Mettler-Toledo 340 digital pH meter calibrated at pH 4 and pH 10. The 
equilibrium pH of the supernatant solution was again measured after 48 hrs. The 
amount of H+ or OH- adsorbed by the adsorbents was calculated from the 
difference between the initial and final pH. 
4.3.3.4 Electrophoretic mobility measurements (zeta potential) 
The zeta potential measurements were performed on a Malvern Zetamaster 
3000HSA analyser and were determined by using the same samples that were 
prepared for pH titration. The zeta potential of each solution was measured after 
the determination of the equilibrium pH. 5 ml aliquots of adsorbent suspensions 
were injected directly into the electrophoretic quartz cell with the aid of a plastic 
Luer syringe. The average count rate was 4000/sec. An equilibration time for 30 
seconds was allowed before the zeta potential measurement, and each sample was 
measured five times to provide an average reading. The cell was rinsed after each 
measurement with ultra pure water. 
4.3.3.5 Elemental analysis 
Samples were analysed on a Perkin Elmer series 112400 elemental micro analyser 
in the Department of Pure and Applied Chemistry, University of Strathclyde, 
Glasgow, UK. 
Each sample was accurately weighed (1-2 mg) and wrapped in tin foil prior to 
analysis by the instrument. The analysis required the combustion of the sample in 
the combustion tube at 2073 K at a controlled environment in the presence of pure 
oxygen (purging of the chamber with He before admitting oxygen assures no 
presence of any other gases during combustion). The gaseous combustion 
products are further decomposed in the presence of a series of catalysts. A thermal 
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conductivity detector quantifies the percentage of carbon, hydrogen and nitrogen. 
The oxygen content is subsequently determined by difference. 
4.3.3.6 Nitrogen content determination 
A sorbent sample (0.2-0.3 g) was weighed using a Sartorious BP 210D balance 
and then transferred into digester unit tubes. A5g tablet of Kjeldahl catalyst was 
added to the tube prior to addition of 10 ml of concentrated sulphuric acid. The 
tubes were placed in the digester unit until the samples were completely dissolved. 
After complete digestion, the tubes were transferred to a distillation unit where the 
sample was distilled into conical flasks that contained 2% boric acid. The 
conditions of the distillation were: 60 ml water, 65 ml sodium hydroxide, 10 
second delay and 3 min distillation time. The flasks were removed from the unit 
and the aliquot was titrated with 0.05 M of hydrochloric acid. 
4.4 RESULTS AND DISCUSSION - PHYSICAL CHARACTERISATION 
4.4.1 Surface Area Results 
The surface area values for all the adsorbents used in this study are given in, 
Figures 4.3 and 4.4 and in Table 4.3. 
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Figure 4.3. BET surface area of granular activated carbons. 
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Figure 4.4. BET surface area of Hypersol-Macronet polymers. 
Table 4.3. Surface area specifications of commercial granular carbons and 
Hypersol-Macronet hypercrosslinked polymers used in this study. 
Single Point 
Average Pore 
Surface Area BET Surface 
Adsorbents Diameter 
(m2/g) at p/p° Area (m2/g) 
(4V/A by BET) (nm) 
0.31 
AW 1100 1625 1679 2.70 
Brimac 216 130 132 9.05 
YAO 720 731 2.28 
SAC6 1167 1097 2.05 
MN 100 775 779 2.70 
MN 200 1032 1043 2.82 
MN 250 711 700 3.49 
MN 500 469 470 3.36 
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The wood based AW 1100 has a significantly higher surface area than the other 
carbons especially when compared to the bone charcoal Brimac 216. The rest of 
the carbons all have similar surface areas ranging from 600-1100 m2/g (Figure 
4.3). The Hypersol-Macronet polymers also show surface areas of 470-1100 m2/g 
(Figure 4.4), suggesting that there is adequate surface for these materials to be 
used in treatment of drinking and waste water. The low surface area value of MN 
500" could be justified for a sulphonic acid containing polymer. Treatment with 
sulphonic acid creates strong acidic surface functionality to the polymer with the 
expense of opening the pores or blocking the pores with the by-products of the 
reaction hence reducing the surface area. Similar observations were also found for 
chemically activated carbon (Pittman et al., 1997). 
The results are calculated using different methods. The difference in the values 
concerning the same carbon but different methods lies in the difference in the 
models. The Brunauer-Emmett-Teller (BET) method is based on specific 
assumptions derived from the Langmuir mechanism. This states that the 
adsorption is conducted on sites of uniform energy, with the molecules adsorbed 
in the first layer acting as active sites for the formation of the next layers. The 
evaporation/condensation properties of the layers above the first are analogous to 
that of the liquid adsorbate. 
The BET model is represented by: 
p-1+ (c-1) p Eq. 4.2 
n p° - p) nmc nmc p° 
where the constant c is related to the adsorption energy of the first layer and is 
dimensionless, n is the adsorption capacity (mmol/g), nm is the monolayer 
adsorption capacity (mmol/g), p is the pressure (Pa) and p° is the saturation 
pressure of the system (Pa). 
X MN-500 is a commercial "Styrosorb" hypercrosslinked sulphonated styrene divinylbenzene 
(strong acid cation exchange) resin supplied by Purolite International Limited, UK. 
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The adsorption-desorption isotherms of nitrogen on granular activated carbons are 
presented in Figures 4.5-4.8. All adsorption-desorption isotherms show a 
hysteresis effect due to capillary condensation in the mesopores of the adsorbents 
although this is not well defined with some of the isotherms. This indicates 
different adsorption-desorption mechanism at high relative pressure from 0.4 to 
1.0. 
1200 
1100 
CL, 1000 Fý 
900 
ao 
flE 800 
700 
10 
600 
500 
400 
300 
0 
200 
100 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Relative Pressure (p/p°) 
-6- Adsorption --f- Desorption 
Figure 4.5. Nitrogen adsorption-desorption isotherm for AW 1100. 
AW 1100 shows an isotherm of type IV with hysteresis in the desorption curve. 
This is characteristic of mesoporous substances, where capillary condensation 
occurs due to a bottleneck effect between micropores and mesopores. AW 1100 
has a high nitrogen adsorption capacity, approximately twice as high as the other 
carbons, which should be reflected in terms of surface area. The shape of the 
hysteresis loop, which is not a well-defined loop, provides additional information 
on the carbon characteristics. According to IUPAC (Sing et al., 1985) it indicates 
a small amount of mesoporosity and the presence of slit-shaped pores. 
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Figure 4.6. Nitrogen adsorption-desorption isotherm for Brimac 216. 
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Figure 4.7. Nitrogen adsorption-desorption isotherm for SAC6. 
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Figure 4.8. Nitrogen adsorption-desorption isotherm for YAO. 
The isotherm of Brimac 216 can be classified as type II and does not show 
complete saturation at low relative pressure as compared to the other carbons. 
This is attributed to the presence of mesoporosity and macroporosity. The 
beginning of the almost linear middle section indicates the stage at which 
monolayer coverage is complete and multiplayer adsorption begins. The evident 
difference of this carbon from the other carbons is reliant upon the high presence 
of mesopores that this carbon possesses on its surface. 
The isotherms of YAO and SAC6 correspond to type I that signifies the 
microporous nature of these activated carbons. The sharply rising area at very low 
relative pressure is due to the filling of the narrow pores and the adsorption 
process is completed at around 0.5 p/p". It can be seen that a limiting value is 
reached as p/po approaches 1. According to IUPAC (Sing et al., 1985) the limiting 
uptake is governed by the accessible micropore volume rather than the internal 
surface area. 
The adsorption-desorption isotherms of the Hypersol-Macronet polymers are 
shown in Figures 4.9-4.12. 
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Figure 4.9. Nitrogen adsorption-desorption isotherm for MN 100. 
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Figure 4.10. Nitrogen adsorption-desorption isotherm for MN 200. 
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Figure 4.11. Nitrogen adsorption-desorption isotherm for MN 250. 
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Figure 4.12. Nitrogen adsorption-desorption isotherm for MN 500. 
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Except for the MN 250 isotherm, all isotherms have a classical type I shape, 
which indicates that the polymers mainly consist of micropores. The desorption 
isotherm verifies this since it closely follows the adsorption line. The desorption 
branch closure is steep, which indicates that the diameters of the pores are 
uniform. 
4.4.2 Pore Size Distribution Results 
The Density Functional Theory (DFT) is a method used for calculating the pore 
size distributions of the adsorbent materials studied. The DFT method is based on 
the adsorbate-adsorbate and adsorbate-adsorbent interactions, assumes a slit pore 
geometry (Oliver, 1998; Tai et al., 1999) and is applicable for pore sizes up to 
4000A, which makes it an attractive model to use. 
The system, which the model is based on, is comprised of two walls separated by 
a specific distance immersed in a single component fluid at fixed temperature and 
pressure. The two walls represent a slit pore; open from both ends. The fluid when 
the pore starts immersing in it responds to the walls until it reaches an 
equilibrium. The bulk fluid is a homogenous system of constant density and its 
chemical potential is determined by the pressure of the system whereas the fluid 
near the walls is not. The DFT model actually calculates the density of the fluid 
near the walls (via an iterative numerical method) by solving a complex system of 
integral equations that are implicit functions of the density vector. The complete 
derivations and mathematical formulations for the DFT model are described by 
Oliver (1998). 
Figures 4.13 and 4.14 present the DF17 pore size distributions for the activated 
carbons and Hypersol-Macronet polymers, respectively. The plot (Figure 4.13) 
demonstrates the highly microporous and mesoporous nature of AW 1100. The 
pore size distribution of Brimac 216 on the other hand, reveals a large quantity of 
mesopores in the range of 40-800 A and some micropores. The pore size 
distribution measurements for the other two carbons clearly indicates that the 
carbons are predominantly microporous. Porosity is very important since 
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adsorption of molecules is strongly dependent on pore size distribution and 
surface area of the adsorbents. 
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Figure 4.13. Pore size distribution results for granular activated carbons. 
The bimodal nature of Hypersol-Macronet polymers is illustrated in Figure 4.14. 
The polymers are virtually identical over the entire range of pore sizes possessing 
micropores in the largest extent with few mesopores in the range of 20-100A. The 
exception is MN 250 that seems to have a significant quantity of pores in the 
mesoporous range 20-500A. 
The apparent bi-modal distribution of pores in the microporous region is caused 
by deficiencies of the DFT model. The DFT theory is not capable of modelling 
pores in the 8-10 A accurately due to a theoretical discontinuity of the model 
producing results that show minima at around that region. This is assumed to be a 
model-induced artefact (Saha et al., 2003). 
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Figure 4.14. Pore size distribution results for Hypersol-Macronet polymers. 
4.4.3 Scanning Electron Microscopy (SEM) 
A description of the results found from the micrographs for all adsorbents 
(activated carbons and Hypersol-Macronet hypercrosslinked polymers) are given 
below. Pictures of low and high magnification scanning electron micrographs 
were taken. The low magnification micrographs of activated carbons are not 
presented since they only show the irregular shape of the carbons. The high 
magnification micrographs are of interest since the surface morphology and the 
porosity of the different activated carbons (Figure 4.15) can be clearly observed. 
Figure 4.15(a) illustrates the honeycomb structure of AW 1100, which is 
characteristic of a wood-based activated carbons. Figure 4.15(c) and (d) on the 
other hand show circular pores, which are characteristic of carbons that have been 
produced from fruit shells (apricot or coconut). When comparing Brimac 216 
(Figure 4.15(b)) with the other carbons the difference can easily be distinguished. 
Brimac 216 does not have a clearly defined porosity like the other carbons, 
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presumably due to the presence of mesoporosity and macroporosity in this 
material. 
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Figure 4.15. SEM images of (a) AW 1100, (b) Brimac 216, (c) SAC6 and (d) 
YAO activated carbons. 
The micrographs of Hypersol-Macronet Polymers are also included (Figures 4.16 
and 4.17). The polymers (Figure 4.16) are spherical orange/brown beads apart 
from MN 500 which is a grey coloured spherical bead. Even though the styrene- 
divinylbenzene precursor is normally white, the orange/brown colour of the beads 
can be attributed to residual iron introduced during the Friedel-Crafts reaction. 
The grey colour of MN 500 is due to the sulphonation of the polymer from the 
modification process. Figure 4.17 does not provide much information except that 
the polymers have a very smooth surface morphology unlike activated carbon. 
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(a) 
(c) 
(b) 
(a) 
Figure 4.16. SEM images of (a) MN 100, (h) MN 200, (c) MN 250 and (d) MN 
500. 
(a) 
Figure 4.17. SEM images of (a) MN 200 and (h) MN 250. 
(b) 
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The high magnification pictures (Figure 4.17(a) and (b)) also show the rigid 
texture of the polymers. Sweetland (1997) studied the structure with high 
resolution scanning electron micrographs, which showed the uniform globular 
structure (globule diameter of approximately 120-160 nm) of the polymers. 
4.5 RESULTS AND DISCUSSION - CHEMICAL CHARACTERISATION 
The functional groups on the surface of an adsorbent can influence the adsorption 
of organic species. Chemical characterisation techniques allow the nature of the 
functional groups of the adsorbents to be determined, e. g. surface charge. Such 
techniques include acid-base titration, point of zero charge (PZC) determination, 
zeta potential measurements, FTIR, nitrogen determination and elemental 
analysis. The techniques used in this study are discussed in the following sections, 
along with the indicated functional nature of the activated carbons and Hypersol- 
Macronet polymers. 
4.5.1 Sodium Capacity Results 
The maximum sodium capacity of the commercial activated carbons and 
Hypersol-Macronet polymers was conducted by the titration technique described 
in a previous section (Section 4.3.3.2). The technique is able to identify the total 
adsorption capacity of the adsorbents by quantifying the oxygen containing 
functional groups like phenolic, carboxyl and lactonic groups on their surface. 
These groups, when present, dissociate in strong alkaline solutions (Boehm, 1966) 
by releasing hydrogen ions which in turn induce a negative surface charge on the 
adsorbents. This creates the ideal environment for adsorption of Na+ ions at the 
surface which neutralise carboxyl, phenolic and hydroxyl groups and opens any 
lactone rings. A high sodium capacity is indicative of an abundance of surface 
oxygen functional groups. 
The titration technique allows the uptake of Na' to be determined once 
equilibrium is reached. In this case, the final concentration of NaOH in the conical 
flasks after equilibration was determined by using the following equation: 
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CNaOH = 
CHC! XV 
HC! Eq. 4.3 
VNaOH 
Where CHc1 and VNaOH are known factors and represent the concentration of HCl 
used (0.1 M volumetric standard) and the volume of the aliquot used (5ml). The 
concentration of NaOH in the conical flask after the adsorption of Na+ is thus 
calculated. 
Since the NaOH concentration before the sorption experiment (O. 1M standard 
solution) was known and the final concentration of NaOH after equilibration was 
determined, the amount of Na+ adsorbed by the adsorbent was easily calculated. 
The following formula represents the determination of sodium ions adsorbed by 
the adsorbents. 
CNa+adsorbed CNaOHinitial - CNaOH final 
Eq. 4.4 
The adsorption capacity of Na+ is then calculated from the following equation: 
_ 
VNaOHinitiai(in 
the flask) 
X CNa+adsorbed 
Eq. 4.5 
"°' weight of adsorbent (in the flask) 
Where the volume of NaOH was a known quantity (25m1), the concentration of 
sodium ions adsorbed was calculated and a known weight of the adsorbent was 
introduced into the conical flask. 
The results are presented in Figures 4.18 and 4.19. The results show the high 
affinity of MN 500 for sodium when compared to the other adsorptive materials, 
which indicates a higher surface concentration of oxygen containing groups on 
this material relative to the remaining carbons and polymers. The high capacity of 
this polymer is caused by the sulphonation during manufacture, which results in 
the presence of sulphonic acid (-SO3H) groups on its surface. 
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Figure 4.18. Sodium capacity of activated granular carbons. 
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Figure 4.19. Sodium capacity of Hypersol-Macronet polymers. 
Of the activated carbons, AW 1100 possessed the highest sodium capacity and 
SAC 6 the least. The precursors of SAC 6 and YAO were coconut shells, and it is 
interesting that the sodium capacities of these materials are lower than the 
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AW 1100 (wood-based) and Brimac 216 (calcium hydroxyapatite d). Since sodium 
capacity determinations are independent of the pore characteristics of the 
material"", it is thought that the differences arise from the treatment of the carbons 
during manufacture. 
The low Na+ capacities of the MN 100, MN 200 and MN 250 polymers indicate 
an absence of surface oxygen functional groups relative to the MN 500. These 
results are in agreement with the original specifications of the manufacturer; MN 
100 was quoted as weakly-basic containing groups, MN 200 and 250 were 
reported to be non-functional. Sweetland (1997) reported Na+ capacities of 0.21 
and 0.23 mmol g'1 for MN 100 and MN 200, respectively. Although the samples 
of MN 100 and MN 200 used in this work was obtained from a different batch as 
that used by Sweetland (1997), the very low capacities measured in both cases are 
sufficiently low such that it is difficult to infer any difference between them. The 
low Na+ capacity of MN 250 also falls into this category, and cannot be 
distinguished from MN 100 or MN 200. 
4.5.2 Point of Zero Charge (PZC) Results 
The acid-base properties of absorbents can be evaluated by performing 
potentiometric or pH titrations (Helffrich, 1995). Due to their amphoteric 
properties, activated carbons possess both acidic and basic functional groups and 
it is difficult to rationalise adsorptive behaviour from their molecular structures. 
The dominance of the acidic or basic functional groups can be determined by 
assessing the affinity of the adsorbent material for H+ or OH' ions, which is 
determined experimentally. If H+ is adsorbed in excess of OH", the surface of the 
absorbent will possess a net positive charge, whilst the pH of the remaining 
solution will increase. Likewise, when Off ions are selectively adsorbed, the 
surface becomes negatively charged and the pH of the bulk solution decreases. 
Hydroxyapatite is a mineral containing the hydrated form of calcium phosphate 
and a trace of calcium fluoride. 
The pore characteristics of the activated carbon are largely related to those of 
the precursor material. 
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Experimentally, the pH of the bulk solution is changed by adding a known 
quantity of acid or alkali and the equilibrium pH of the bulk solution (after 
adsorption) is measured. Curves are plotted as equilibrium solution pH against 
added acid/alkali, or ions released against equilibrium solution pH. 
At a certain pH value (determined by the surface functionality characteristics of 
the adsorbent) the surface of the adsorbent possesses no net charge due to 
adsorption of counter-ions from the solution (Garrison, 1998). This condition is 
known as the Point of Zero Charge (PZC). At specific pH values, the amount of 
ions released can be calculated by comparing the pH titration curve for the 
adsorbent with a titration curve for no adsorbent (i. e. a blank sample). The 
difference in pH at equivalent additions of acid/alkali determines the amount of 
H+/OH' released as calculated by: 
IR = 
C(VW yi, ) Eq. 4.6 
where, 
C= Titrant concentration, M 
IR = Ions released, mol/g 
Vb = Volume of titrated alkali solution without the adsorbent at given pH, ml 
Vie = Volume of titrated alkali solution in the presence of an adsorbent at given 
pH, ml 
W= Mass of adsorbent, g. 
The ions-released plotted against the bulk solution pH yields the proton-binding 
curve for that particular adsorbent. Proton binding curves define the amount of 
HVOH- released at specific pH values, and nature of the curves can be used to 
determine the nature of the surface functional groups. For example, a smooth 
curve is obtained for materials with single functional groups such as polymers or 
ion exchange resins, whereas curves with inflexion points denote materials with 
multiple functionality such as modified activated carbons. 
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Figures 4.20-4.23 show the pH titration curves for the activated carbons, and 
Figures 4.24-4.27 show the curves for the Macronet polymers. 
1A 
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Figure 4.20. pH titration curve for AW 1100. 
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Figure 4.21. pH titration curve for SAC6. 
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Figure 4.23. pH titration curve for Brimac 216. 
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Figure 4.24. pH titration curve for MN 100. 
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Figure 4.25. pH titration curve for MN 200. 
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Figure 4.26. pH titration curve for MN 250. 
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The PZC values for all adsorbents are shown in Table 4.4. PZC of activated 
carbons ranged from pH 4.2 to pH 7.3, whilst those of the polymers varied 
between pH 2.2 and pH 7.2. In all cases the titration curve for the adsorbents 
deviated from that of the blank when alkali was added. This is due to a negatively- 
charged functional group, and the release of H+ ions during ion exchange with Na+ 
from the NaOH solution. The relative deviations of the titrations in this region 
from the blank correlate with the sodium capacity measurements discussed in 
Section 4.5.1. Where there is little deviation between the adsorbent-titration and 
the blank (SAC 6, YAO, MN 100, MN 200 and MN 250) there is little capacity 
for ion exchange and hence a low sodium capacity. Larger deviations are present 
for AW 1100, Brimac 216 and MN 500, which were shown to exhibit relatively 
large sodium capacities. Similarly, a correlation exists between Na' capacity and 
PZC, with materials exhibiting PZC at low pH corresponding to high Na' 
capacity. 
The similarity between the titration curves when acid was added suggests an 
absence of positively-charged surface groups on all materials except Brimac 216, 
which is thought to be due to the amphoteric nature of this material; in alkaline 
solutions the surface of the material is negatively charged whereas in acidic 
solutions the surface is positively charged. As already discussed (Section 4.5.1) 
Brimac 216 is considerably different to all other carbons. 
Granular activated carbons with similar specific surface areas to the activated 
carbons investigated in this study show PZC which are similar to those in Table 
4.4. A systematic comparison of PZC and IEP for the carbons and polymers used 
both here and by other workers is shown in Table 4.5. 
Figures 4.28 and 4.29 show the proton-binding curves for the activated carbons 
and Hypersol-Macronet polymers respectively. The point at which the proton- 
binding curve crosses the x-axis corresponds to the PZC of that material. 
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Table 4.4. Point of zero charge and isoelectric point for activated carbons and 
Hypersol-Macronet polymers. 
Adsorbents PZC IEP PZC-IEP 
AW 1100 4.24 1.79 2.45 
SAC6 5.17 4.29 0.88 
YAO 5.34 1.82 3.52 
Brimac 216 7.30 3.06 4.24 
MN 100 7.16 5.08 2.08 
MN 200 4.83 3.76 1.07 
MN 250 5.07 2.03 3.04 
MN 500 2.22 N/A"" N/A 
Table 4.5. The point of zero charge and the isoelectric point for various activated 
carbons. 
Commercial 
name 
Surface 
area (m2/g) 
PZC IEP Reference 
ACC 1125 7.0 N/A Babio et al., 1999 
DARCO KB 1500 4.25 N/A Arico et al., 1989 
NUCHAR WVW 1215 7.25 2.2 Corapcioglu and Huang, 1987 
DARCO HDB 606-650 7.45 N/A Reed and Matsumoto, 1993 
NUCHAR SN 1400-1800 5.35 N/A Reed and Matsumoto, 1993 
NORIT C 1085-1380 2.2-9.0 1.4-4.9 Menendez et al., 1995 
Xiii N/A: Not available 
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Figure 4.28. Proton binding curves for activated carbons. 
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Figure 4.29. Proton binding curves for Hypersol-Macronet polymers. 
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Of the activated carbons, it can be seen that the curves for AW 1100, SAC 6 and 
YAO do not possess inflexion points and hence the adsorption characteristics of 
these materials are governed by mono-functional surface groups, which is typical 
of conventional adsorbents. Brimac 216 exhibits an inflexion point, which implies 
multi-functionality of this material as was suggested in the analysis of the PZC 
data. MN 100,200 and 250 displayed similar proton-binding curves, however the 
S03- groups on MN 500 result in an inflexion point at pH 3. 
The adsorption capacity can also be determined from the proton-binding curves. 
The adsorption capacity is related to the concentration of ions released, which is 
particularly evident in the case of MN 500 and AW 1100. 
4.5.3 Zeta Potential Results 
Figures 4.30 and 4.31 show plots of zeta potential against pH for the activated 
carbons and Hypersol-Macronet polymers, respectively. 
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Figure 4.30. Zeta potential of activated carbons. 
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Figure 4.31. Zeta potential of Hypersol-Macronet polymers. 
Table 4.4 shows the values of IEP from the zeta potential plots, the PZC for all 
investigated materials and the difference between the PZC and the IEP. It has been 
reported in literature that the difference (PZC-IEP) can be interpreted as a measure 
of surface charge distribution of porous carbons (Menendez et al., 1995). 
The data presented shows that all differences are greater than zero. Since the PZC 
takes into account both the external and internal charges of the material and the 
IEP is an indicative of only the external charge, the positive difference indicates 
that the external surface charge is more negatively charged that the internal. SAC6 
and MN-200 exhibit PZC-IEP values very close to zero, which indicates a more 
homogeneous distribution of the surface charges. 
The lack of data in the region of pH 6-8, particularly for MN 100 (Figure 4.31) 
was due to the large shift in pH in this region. No data was obtained for MN 500 
because it is highly charged, and beyond the operating limits of the instrument. 
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In general, materials with acidic functional groups yield an isoelectric point at low 
pH, whereas non-functional or multifunctional materials show an IEP around pH 6 
to 8. The data for AW 1100 is in agreement with the Na' capacity and PZC 
methods due to the presence of oxygen functional groups on the surface of this 
material. Interestingly, YAO yielded a similar IEP to AW 1100 despite its 
relatively low Na' capacity, which is thought to arise from the lack of internal 
functional groups within this material. 
Babic et al. (1999) has suggested that IEP values are only representative of the 
external surface charge characteristics, whereas PZC relates to the net internal and 
external charge of the materials. The IEP of Brimac 216 is characteristic of the 
multifunctional nature of this material, with dissociation of both positive and 
negatively charged surface groups resulting in a higher IEP than AW 1100 or 
YAO. 
Of the polymers, MN 200 and MN 250 show very similar IEPs, whereas the 
weakly-basic groups on MN 100 are suspected to result in the higher IEP 
observed for this material. 
4.5.4 Fourier Transform Infrared Spectroscopy (FT-IR) 
FT-IR is an extremely powerful analytical technique for both qualitative and 
quantitative analysis. However, when used in combination with other analytical 
methods important complementary and/or confirmatory information can be 
extracted. FT-IR results for all the adsorbents used are depicted in Figures 4.32- 
4.39. 
The spectra of the activated carbons presented in Figures 4.32-4.35 do not 
indicate any sharp peaks, which is due the absorbance of the infra-red beam by the 
carbon. The spectra gives information on the surface functional groups. AW 1100, 
has similar spectra to SAC6 and YAO. SAC6 and YAO have identical spectra 
which was expected since the materials are produced by the same company and 
from the same precursor (coconut shell). The band at 893 cm" denotes the 
presence of RR'C=CH2 and the band at 1152 cm" indicates the presence of 
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saturated tertiary alcohols. Sulphonates and amines are also present since bands at 
1384,2357 and 2378 cm-1 are present. Presence of C-H bonds is also verified by 
bands at 2868 and 2944 cm 1. The last two bands are indicative of -CH3 and 
methyl groups present. 
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Figure 4.32. FTIR spectra of AW 1100. 
L. h 
1.1 
1.0 
0.9 
0.8 
O 
0.7 
0.6 
0.5 
0.4 
1000 500 
1 13 
1616 
131{ 
, 1152 
4000 3500 3000 2500 2000 1500 1000 500 
Wavenumber (cnil) 
Figure 4.33. MR spectra of YAO. 
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Figure 4.34. FTIR spectra of SAC6. 
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Figure 4.35. FTIR spectra of Brimac 216. 
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The FT-IR spectra of Brimac 216 is very different (Figure 4.35). This confirms 
that the nature of the carbon is special. The strong bands at 567 cm-' and 603 cm-1 
are attributed to P=S and C-S vibrations. The strong bands at 1040 cm -1 and 1090 
cm' indicate that the material possesses P-O-C groups on its surface. 
Additionally, fluorine substitutions (two bands observed due to the asymmetric 
and symmetric stretching vibrations) occur at wavenumbers of 1110-1000 cm'. 
Brimac 216 is made from bone char that contains a considerable amount of 
hydroxyapatite. Hydroxyapatite is a mineral containing the hydrated form of 
calcium phosphate and a trace of calcium fluoride and thus the presence of bands 
in that region verifies their existence. 
Hypersol-Macronet polymers (Figures 4.36-4.39) have similar characteristic 
bands at the fingerprint region (1333-667 cm') and variance in the characteristic 
functional region (4000-1333cm''). The characteristic bands of MN 100, MN 200, 
MN 250 and MN 500 are attributed to the vibrations of -CH, -CH2, benzene rings 
and oxygen functionality of the polymers. The strong adsorption bands in the 
region of 900-650 cm' are attributed to the C-H vibrations out of the plane of the 
aromatic ring indicate the presence of aromatic compounds. The presence of the 
medium bands at 760-701 cm' suggest the presence of monosubstituted benzenes 
denoting uncrosslinked polystyrene. The strong band at 816cm' suggests p- 
substituted benzene rings i. e. crosslinking at the para position. The presence of 
bands at 900-885 cm' and 720-685cm' suggests that the band is attributed to tri- 
substituted benzene rings. 
MN 100 when compared to the non functional MN 200 and MN 250, possesses 
strong bands at 3000-2700 cm 1 region confirming the presence of the amine 
functional group ýNH2 . Other amines are excluded since no absorption 
is 
noticed at the lower region of 2700-2250 cm 1. Primary and secondary amines are 
also present due to absorbance at the regions 1650-1580 cm 1 and 1580-1490 
cm'1, respectively. 
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Figure 4.36. FTIR spectra of MN 100. 
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Figure 4.37. FTIR spectra of MN 200. 
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The peak at 1704 cml, which is present in the spectra of MN 100, MN 200 and 
MN 250, suggests the presence of carbonyl (C=O) functional groups. The peak is 
not very pronounced so the quantity of the groups corresponding to the peak is not 
very significant. Carbonyl groups however, could suggest a variety of compounds, 
including ketones, esters, aldehydes and carboxylic acids. After further analysis of 
the spectra of MN 100, additional bands in the region of 1480-1370 cm 1 denote 
that -CH2-CO- groups and aliphatic hydrocarbons are the adjacent groups to the 
carbonyl. Moreover, the several bands at 1300-1022 cm" suggest possible 
presence of alkyl ketones due to -C-C-C and -C-CO-C- bending. 
FT-IR spectra of MN 500 on the other hand has similar characteristic bands at the 
fingerprint region as the other polymers, with ring carbon-carbon stretching 
vibrations occurring in the region of 1625-1430 cm 1. However, the 625 and 702 
cm-1 band is indicative of C-S (strong sulphides) of CH3-S-, R-CH2-S- and 
R 
SCH- S Additionally, the presence of S in its structure is verified by the 
presence of the strong 1384 cm" band suggesting that the S is of the SO2 form 
(asymmetric strong sulphonates [R(RO)SO2]). 
4.5.5 Elemental Analysis 
The elemental analysis results of the activated carbons used and the Hypersol- 
Macronet polymers can be seen in Table 4.6. The results show that there is a 
significant amount of N present in Brimac and MN 100, which is consistent with 
the results found at nitrogen determination (Section 4.5.6). The high P content of 
Brimac is attributed to the bone char that contains hydroxyapatite. The N content 
of MN 100 is due to the amine groups present in this Hypersol-Macronet polymer. 
The presence of sulphur and oxygen (in the form of sulphonic acid groups) has 
considerably reduced the carbon content of MN 500. 
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Table 4.6. Elemental analysis of adsorptive materials used. (Data presented in 
mass percentage). 
Sample name C 
(wt%) 
H (wt%) N (wt%) P 
(wt%) 
0 
(wt%) 
AW 1100 84.62 1.51 Trace or Nil N/A 13.87 
YAO 89.30 Trace or Nil Trace or Nil N/A 10.7 
SAC 6 75.22 Trace or Nil Trace or Nil N/A 24.78 
Brimac 216 8.77 Trace or Nil 0.95 14.55 N/A 
MN 100 87.72 7.89 0.87 N/A 3.52 
MN 200 86.68 7.90 Trace or Nil N/A 5.42 
MN 250 80.28 6.05 Trace or Nil N/A 13.67 
MN 500 53.26 4.45 Trace or Nil N/A 42.29 
4.5.6 Nitrogen Content Determination Results 
Analysis was performed on each of the adsorbents to determine the nitrogen 
concentration, which is thought to occur in basic functional groups. The values of 
nitrogen content for all adsorbents are shown in Figures 4.40 and 4.41. 
All the adsorbents exhibited the presence of nitrogen within their structures except 
for MN 200 and MN 250. MN 100 contains amino groups and hence it is expected 
that this material shows one of the largest quantities of nitrogen within its 
structure. The bone-charcoal based Brimac 216 also exhibited an appreciable 
quantity of nitrogen, which is suspected to arise from the non-carbonisation of 
protein and peptide molecules from the bone material. All organic-sourced 
activated carbons are expected to contain some residual nitrogen from the 
precursor, whereas the polymer precursor (styrene-divinylbenzene) does not 
contain any nitrogen-bearing groups. Although the presence of nitrogen may 
indicate weak-basic groups, the nitrogen may be contained within the structure of 
other, less active molecules, and hence the nitrogen content does not necessarily 
correlate with the adsorption capacity of a particular material. 
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Figure 4.40. Nitrogen content of granular activated carbons. 
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Figure 4.41. Nitrogen content of Hypersol-Macronet hyper-crosslinked polymers. 
4.6 CONCLUSIONS 
Several physical and chemical techniques were applied for the characterisation of 
the adsorbents used in this study. The characterisation techniques used to measure 
the surface area of the adsorbents showed that activated carbons possessed higher 
surface area than hypercrosslinked polymers, with the exception of MN 200 and 
0.91 
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MN 250. AW 1100 and Brimac 216 were found to exhibit the highest and lowest 
surface areas, respectively. The porosity of the activated carbons and Hypersol- 
Macronet polymers ranged from micro- to meso-porous with the exception of 
Brimac 216 and MN 250, which also showed macroporosity. 
The surface properties of the activated carbons and Hypersol-Macronet 
hypercrosslinked polymers used in this study were investigated by several 
chemical characterisation techniques that included, sodium capacity, FT-IR, pH 
titrations and proton binding curves, zeta potential analysis, elemental analysis 
and nitrogen content determination. The sodium capacity results showed that all 
the adsorbents exhibited some degree of oxygen functionality. MN 500 showed 
exceptionally high sodium capacity due to the sulphonic acid groups on its 
surface. 
PZC results also evaluated the acid-base properties of the adsorbents. It was found 
that AW 1100 and MN 500 possessed the lowest PZC values for the activated 
carbons and polymers, respectively. Zeta potential values also followed this trend. 
Elemental analysis and FTIR results suggested that MN 500 and AW 1100 
exhibited the greatest oxygen functionality and that MN 200 and MN 250 have 
considerably low oxygen content relative to the other adsorbents. FT-IR indicated 
a number of different oxygen functional groups at the surface of most adsorbents 
however, the complex mixture of groups prevents the exact quantification of their 
functionality. Nitrogen was present in MN 100 and Brimac 216, the latter also 
exhibited a considerable amount of phosphorus. 
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5. ANALYTICAL METHOD DEVELOPMENT, 
ADSORPTION AND KINETIC STUDIES 
5.1 INTRODUCTION 
This chapter represents the adsorption of 170-oestradiol and 17a-ethinyl oestradiol 
onto granular activated carbons and Hypersol-Macronet hypercrosslinked 
polymers by batch adsorption experiments after a low detection system was 
developed using Gas Chromatography Mass Spectrometry (GC/MS). Detailed 
description of the analytical method for quantifying low concentrations of 17ß- 
oestradiol and 17a-ethinyl oestradiol is presented. Kinetic experiments results are 
also presented and are analysed by applying a particle diffusion model. The 
chapter is also focused on the fundamental theory of adsorption to gain a better 
understanding of the adsorption process. 
5.2 THEORY OF ADSORPTION 
5.2.1 Fundamentals of Adsorption 
The term adsorption is widely recognised as, "a very important surface 
phenomenon among all other chemical processes and is a term used to describe 
the process by which a material accumulates at the interface between two phases" 
(Noll, 1991). The two phases can be liquid-liquid, liquid-solid, gas-liquid, and 
gas-solid. Adsorption onto solid materials has many applications in the treatment 
of drinking water and industrial wastewater. The species adsorbed is called the 
adsorbate and the solid substance upon whose surfaces adsorption occurs is called 
the adsorbent. Since adsorption occurs on surfaces, a substance that qualifies as a 
good adsorbent must have a large surface area on a per-unit-mass or volume basis 
(Tien, 1994a). 
A species present in the fluid phase is said to be adsorbed on the solid surface if 
the concentration of the species in the fluid-solid boundary region is higher than 
that in the bulk of the fluid. After a sufficient time, the adsorbent and the 
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surrounding fluid reach equilibrium. Adsorption takes place because of the 
interaction between the species present in the fluid phase and the solid phase. 
Therefore, the tendency of molecules from the fluid phase to adhere to the 
interface originates from the attractive forces between the molecules (Howe- 
Grant, 1998). More specifically, adsorption takes place since it reduces the 
imbalance of attractive forces, and therefore the surface free energy of the 
heterogeneous system. This interaction can either be chemical or physical. 
Physical adsorption or physisorption is a reversible process and is attributed to 
strong, non-specific van der Waals forces whereas chemisorption implies a much 
stronger chemical interaction (usually irreversible) of the adsorbent active sites 
with the adsorbate molecules. In many cases, it is difficult to classify each 
particular system explicitly, but in general Table 5.1 gives the general differences 
of the parameters for physical and chemical adsorption. 
Table 5.1 Parameters of physical adsorption and chemisorption (Howe-Grant, 
1998). 
Parameter Physisorption Chemisorption 
Heat of adsorption Low High 
Specificity Not active specific Highly active specific 
Nature of adsorbed Monolayer or multiplayer, no Monolayer only, may involve 
phase dissociation of adsorbed species dissociation 
Temperature range 
Only significant at low Possible over a wide range of 
temperatures temperatures 
Forces of adsorption No electron transfer 
Electron transfer, bond between 
adsorbate and adsorbent surface 
Reversibility Rapid, reversible Slow, irreversible 
Several adsorption mechanisms may take place depending on how the adsorbate 
interacts with the adsorbent surface. In chemisorption, electrostatic bonding 
occurs through the process of ion exchange or co-ordination. The most important 
specific interactions are those between the counter ions and the fixed ionic group. 
The formation of ion pairs and even covalent bonds could result when anions or 
cations in a solution are adsorbed onto the ion exchange material and get replaced 
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by equivalent quantities of ions of the same charge, released by the ion exchange 
material. A prerequisite for chemisorption in this case is the dissociation of all or 
part of the molecules in the fluid phase, or the dissociation of the functional 
groups of the adsorbent. 
However, interactions between the counter ions and fixed ionic groups do not 
necessarily involve the formation of chemical bonds or other specific chemical 
effects. The counter ions may be merely localised in the neighbourhood of the 
fixed ionic groups by the electrostatic attraction between charges of opposite sign. 
As a consequence, forces result from the electric density (charge) of the individual 
atoms (Sweetland, 1997). Generally, in physical adsorption, sorption could be 
favoured by London interactions (hydrophobic bonding) between the adsorbent 
and adsorbate or by dipole-dipole interactions of the polar molecules with one 
another and with polar groups of the adsorbent. 
More analytically, the movement of electrons in non polar compounds causes 
distortion of the charge distribution generating a small negatively charged dipole. 
The negative charge of the momentary dipole tends to repel electrons of the 
neighbouring molecule creating an attraction between the two molecules. In polar 
substances on the other hand, there is an attraction between the positive end of one 
polar molecule for the negative end of another polar molecule. A well known type 
of dipole-dipole attraction is hydrogen bonding. For the different types of 
hydrogen bonds refer to Figure 5.1. 
II H II 
III 
H-F----II-F H-O----II-O H-N----II-N II-N----H-O 
II II II II II II 
Figure 5.1 Various types of hydrogen bonds. 
Both the London and the dipole interactions favour local adsorption of the 
hydrocarbon groups on the adsorbent and both can be more pronounced when the 
group of the adsorbate is larger (provided that the polar group remains the same) 
(Helfferich, 1995). 
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5.2.2 Adsorption Isotherms 
There are two important properties in an adsorption system using activated 
carbons and polymers: the adsorptive capacity of a given amount of adsorbent for 
a particular solute and the adsorption rate at which that solute is taken out of 
solution by the adsorbent. This information describes the sorption process 
sufficiently and could be extracted from the adsorption isotherms and adsorption 
kinetics of the system. 
The adsorption rate depends on the size and porous structure of the adsorbent 
particles, size and structure of the solute molecule, solution chemistry, 
concentration of solute in solution, the temperature of solution and the surface 
chemical properties of the adsorbent. The adsorption capacity of the adsorbents on 
the other hand, depends on factors including their surface area and porosity, the 
solubility of the solute in the aqueous solution, the pH and the temperature. 
In order to represent the adsorptive behaviour of a certain substance, it is vital to 
have a description of the equilibrium state between the two phases in the system. 
Experimental adsorption data, used to evaluate structural aspects of adsorbents, 
are set out as the "adsorption isotherm". An adsorption isotherm is the relationship 
between the quantity of adsorbate per unit of adsorbent, q,, and the equilibrium 
concentration of adsorbate in solution, Ce at a constant temperature, T. 
qe = q(C. ) at T Eq. 5.1 
Adsorption isotherms can be described in many mathematical forms. Some of 
which are based on a simplified physical mechanism of adsorption, others are 
purely empirical intending to correlate experimental data in simple equations with 
usually two or no more than three parameters. An estimation of the mechanism of 
adsorption can be derived by comparing experimental data with each model. 
Generally, experimental data is most accurately described by the following 
isotherm equation developed by Fritz and Schlunder (Fritz et al., 1981): 
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q` = 
K° C` 
D 
Eq. 5.2 
A+ BCe 
where Ko, A, B, and D are isotherm constants. Depending on the evaluation of the 
isotherm constants and theoretical and thermodynamically consistent assumptions, 
the above formula can be simplified generating few typical equations. The most 
commonly employed are Langmuir (1918) and Freundlich (1926) isotherms. 
5.2.2.1 Langmuir isotherm 
Langmuir expression is derived from the following assumptions (Tien, 1994b): 
" Adsorption of the adsorbate molecules takes place at well-defined 
localised states. 
" All the adsorption sites are identical (energetically), and each site 
accommodates only one adsorbate molecule. 
" There are no lateral interactions (i. e., interactions between neighbouring 
adsorbed adsorbate molecules). 
Subsequently, the Langmuir expression shows monolayer adsorption behaviour in 
difference to Freundlich's isotherm, which suggests multilayer adsorption. This 
model was originally developed to represent chemisorption on an ideal surface, 
for which qo corresponds to the monolayer coverage. Although this model is the 
most common gas adsorption isotherm model, Langmuir isotherms can also be 
used for liquid solutions. It is a two-parameter expression represented by the 
following formula: 
q- 
gobC` Eq. 5.3 
` 1+bC, 
where qe is amount of adsorbate adsorbed per unit mass of adsorbent (mg/g), CC is 
the equilibrium concentration of the adsorbate (mmol/L), qo and b are empirical 
constants. The constant qo corresponds to the surface concentration at monolayer 
coverage and represents the maximum value of q, that can be achieved as CC is 
increased. The constant b is related to the energy of the adsorption and increased 
as the strength of the adsorption bond increases. 
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In order to evaluate the Langmuir constants, a linearised form of equation 5.3 is 
used: 
1_1+1 Eq. 5.4 
q, g0bC, qo 
The Langmuir equation displays a linear behaviour between 1/qob and 1/Ce, which 
provides the procedure commonly used for evaluating the parameters from 
experimental data. More analytically, the plot of 1/qe versus 1/Ce yields a straight 
line for data that fit the Langmuir expression. From the gradient 1/(qob) and 
intercept, l/qo the Langmuir constants can be calculated. 
5.2.2.2 Freundlich isotherm 
The same applies to Freundlich equation that describes equilibrium at 
heterogeneous surfaces, which allows for multiplayer formation. Freundlich's 
equilibrium equation is the following: 
qe = KFCe11 Eq. 5.5 
where q, is equilibrium adsorbed amount on the adsorbent, Ce the equilibrium 
concentration, KF and n the empirical constants depending on the nature of 
adsorbent and adsorbate. The constant KF is an approximate indicator of 
adsorption capacity, while 1/n is a function of the strength of adsorption, i. e. the 
mechanism of adsorption. A high value of n indicates high adsorption of solute at 
high solute concentration and poor adsorption of solute at low solute 
concentration. Even though this equation is an empirical correlation, a theory of 
adsorption that leads to the equation has been presented by Halsey and Taylor 
(1947). The constants in the model can be obtained by linearising equation 5.5: 
In q, = In KF +1 In Ce Eq. 5.6 
n 
This time the parameters are evaluated through the linear behaviour of Inge and 
lnCe. 
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5.2.2.3 Brunauer-Emmett-Teller (BET) Isotherm 
BET isotherm was developed by Brunauer, Emmett and Teller in order to extend 
the Langmuir isotherm to multilayer adsorption. The model assumes that each 
molecule in the first adsorbed layer provides one site for the another molecule in 
the second and subsequent layers. Therefore, the molecules in the second and 
subsequent layers are assumed to be in contact with other adsorbate molecules, 
and are considered to behave as the saturated fluid. 
Brunauer, Emmett and Teller proposed the equation: 
__ 
g0bPI PS Eq. 5.7 q` (1-PI P, )(1-PIP, +bP/Ps) 
where the new term PS is the saturated vapour pressure of the saturated liquid 
adsorbate at the relevant temperature. On the other hand, q, is amount of adsorbate 
adsorbed per unit mass of adsorbent (mg/g), qo and b are empirical constants. 
5.2.3 Adsorption Kinetics 
The adsorption process on a porous adsorbent usually proceeds in three 
consecutive steps as illustrated in Figure 5.2. Please note that the arrows show 
direction and do not represent concentration gradients. The steps are the 
following: 
1. Transport of solute through the bulk solution (external mass transfer) to the 
outer surface of the film surrounding the particle-bulk transport. 
2. Transport of solute within the boundary layer. 
3. Transport in the interior of the particle-intraparticle transport. 
Generally, the molecules reach the adsorbing surface in diverse and rather 
complicated ways. This is especially the case with adsorbents of a highly 
developed and complex porous structure such as activated carbon or 
hypercrosslinked Macronet polymers. A more detailed description of the process 
of adsorption is described below. 
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First the molecule must reach the external surface of the solid adsorbent. Under 
static conditions, this takes place by normal diffusion, so called external diffusion, 
because a concentration gradient is formed through the fall in concentration of the 
liquid near the surface. Under dynamic conditions, in addition to the external 
diffusion, convective flow either laminar or turbulent should also be considered. 
Bulk Solution , 
Adsorbent Particle 
Boundary 
Solution Layer 
State 
V, 
4 Adsorbed state 
Bulk i Film Intrapartic 
Transport Transport Transport 
Figure 5.2 Mass transfer resistances during adsorption. 
When the molecules have reached the external surface of a particle (adsorbent) 
they can proceed to the internal surface area in four different ways: by diffusion in 
the pores, by surface diffusion (migration), by viscous flow in the adsorbed phase 
through the transfer of capillary-condensed adsorbate or by the action of capillary 
forces (Smisek and Cerny, 1967). 
Batch adsorption kinetics are studied by finite bath and infinite bath methods. In 
the finite bath experiment, a known amount of solute in a solution is adsorbed 
onto a known amount of adsorbent and is vigorously stirred. The course of 
adsorption was followed by measuring the change in solute concentration. These 
experiments are simple to perform and give a good first hand information on the 
adsorption kinetics involved. 
In the infinite bath experiments, the solute concentration is kept constant by 
continued measurement and adding solute at the same rate as it is adsorbed. These 
experiments are difficult to perform and require a special kind of apparatus but the 
model treatment is much simpler as solute concentration is kept constant. When 
adsorption equilibrium is reached, the concentration of the solute on the adsorbent 
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is either measured or calculated from the difference in solute concentration in 
solution. 
The amount of solute adsorbed per unit weight of adsorbent is given from: 
qe _ 
(C0 C`) XV Eq. 5.8 
m 
where Co is the initial concentration of the solute in the solution, Ce is the 
concentration of solute after equilibrium, m is the mass of adsorbent present and V 
is the volume of solution used in the batch. 
The fractional attainment to equilibrium, F(t), can be determined by calculating 
the ratio of the difference between the initial solution concentration (c; "; t) and the 
concentration at any time (ceq(t)) with the difference between the initial solution 
concentration (c; o; t) and the final solution concentration (cfnal). 
F(t) _ 
(Cwt 
- ceq W) Eq. 5.9 knit 
-C final 
The theoretical approaches and equations presented in this section of the chapter 
are designed to give a clear picture of the adsorption phenomenon and its physical 
causes, especially when the results are presented based on these principles. The 
general introduction and discussion of elementary principles, was essential to be 
introduced and discussed at this stage since activated carbons and polymeric 
adsorbents are governed by them. 
5.3 GAS CHROMATOGRAPHY MASS SPECTROMETRY 
Gas chromatography/mass spectrometry (GC/MS) is the synergistic combination 
of two powerful techniques (Kitson et al., 1996). The reason for using this 
technique is that it combines gas chromatography, which is a powerful, reasonably 
inexpensive and easy-to-use analytical tool with mass spectrometry which is an 
excellent tool for clearly identifying the structure of a single compound. The 
combination results in the minimisation of the weakness of each technique by 
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itself. Therefore, requirement of volatile compounds, proper tuning and calibration 
and a computer with large storage system for processing and identifying the 
components are prerequisites. Overall, it is considered a very good analytical 
technique because the combination results in an instrument well capable of 
separating a mixture to its components and then identifying and quantifying them. 
The operating principle behind the instrument is quite simple. Both the gas 
chromatogram and the mass spectrometer are operated as individual instruments 
but are connected by an interface. The GCIMS interface is a device for 
transporting the effluent from the gas chromatogram to the mass spectrometer and 
is designed in such a way that the analyte neither condenses nor decomposes 
before entering the mass spectrometer ion source. It also assures that the 
compounds are transferred without mixing. 
Figure 5.3 shows the schematic diagram of a typical GC/MS system with the main 
parts of the instrument indicated. However, in order for a sample to be analysed, a 
point of entry to the device should exist. An injector plays this important role. 
Sometimes, the sample might be purified and prepared prior to injection. 
Mass spectrometer 
_J He 
IJ 
Sample 
Source Quadrupole Detector 
Control 
Q Interface 
analyser 
and 
injector acquisition 
GLc oven 41 
Capillary Data 
column F Vacuum processing pumps 
11ý 
Figure 5.3. Schematic representation of a typical GC/MS system. 
The main parts of the gas chromatogram are its carrier gas source, control part, 
temperature-controlled oven and tubing. The sample (a mixture of components) 
after injection in the heated inlet port (the injector) becomes volatilised and gets 
transferred by the carrier gas (usually helium or hydrogen) to a specially prepared 
column. In this column, which is packed with support and coated with a stationary 
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phase, the separation of the mixture takes place (see Figure 5.4). The distribution 
of each component between the carrier gas (mobile phase) and the stationary 
phase determines the separation of the components. Therefore, the components of 
the injected sample are retarded by the stationary phase. The component that 
spends least time in the column elutes faster than the rest. The output of the GC 
column having been separated is carried over to the interface and into the 
evacuated ion source of the mass spectrometer (see Figure 5.3). 
organics in gas phase chromatograph 
b 
Qb 
cba 
ab 
c 
separated organics in gas phase 
mass spectrometer 
c$nc bbý'b aaýýa 
acc ba 
detector 
Figure 5.4. Simple representation of GC/MS operation. 
The mass spectrometer system consists of an ionisation source, focusing lens, 
mass analyser, detector and multistage pumping and has three basic sections: the 
ionisation chamber, the analyser and the ion detector (see Figure 5.5). In the first 
section, the sample is bombarded with electrons or charged molecules in order to 
become ionised. Once ionised, a small positive potential is used to repel the 
positive ions out of the ionisation chamber. The ionised ions are transported to the 
high vacuum analyser where they are focused electrically before being selected 
and aligned in the quadrupole. The selection and the alignment are results of the 
magnetic field created by the poles of the quadrupole. Both a direct current (DC) 
and an oscillating radio frequency (RF) signal are applied across the rods of the 
quadrupole and therefore, as different frequencies are reached, different mass to 
charge ratio (m/z) ions escape the analyser and can reach the detector. A mass 
spectrum is the result of the graphic representation of the available range of m/z 
ID 
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range ions released as the detector sweeps from higher to lower frequency of the 
available range of m/z ions, one at a time. 
ý_W_. _ 
Figure 5.5. Schematic diagram of a quadrupole mass spectrometer. 
In the last section of the mass spectrometer, the ions are deflected to a cascade 
plate where the signal is amplified and sent to the data system as an ion current 
versus m/z versus time. Therefore, the data produced is three-dimensional, which 
is important and must be remembered when data is extracted and interpreted. A 
Total Ion Chromatogram (TIC) or a Single Ion Chromatogram (SIC) can be 
obtained and plotted from this data. TIC is the summed raw signal versus time and 
the SIC is a single ion m/z against time. Interpretation of the mass spectrum can 
identify, confirm or detect the quantity of a specific compound. 
Identification of a compound based on its mass spectrum relies on the compounds 
unique fragmentation pattern. A library of known mass spectra, which may be 
several thousand compounds in size, is stored on the computer and may be 
searched using computer algorithms to assist the analyst in identifying the 
unknown compound. However, it is important to incorporate all other available 
structural information (chemical, spectral, sample history) into the interpretation 
wherever appropriate. The ultimate goal is accurate identification and 
quantification of a compound, which can be facilitated by the utilisation of the 
GC/MS. 
III 
-Ion source - 
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5.3.1 Pre-concentration of samples 
Solid-phase extraction (SPE) is one of the most powerful techniques currently 
available for rapid and selective sample preparation. The main advantage of the 
technique focuses on its versatility. SPE can be used for a number of purposes 
such as purification, trace enrichment solvent exchange, desalting, derivatisation, 
and class fractionation. 
SPE offers benefits such as: 
  High recoveries of the analytes 
  Concentration of the analytes 
  Highly purified extracts 
  Ability to simultaneously extract analytes of wide polarity range 
" Ease of automation 
  Compatibility with instrumental analysis 
  Reduction in organic consumption 
  SPE is a relatively cheap technique 
Of all the above advantages the most important one is that the extract will be 
significantly more concentrated than the original sample. The drawbacks of this 
method can be low recovery rates (40-50%) and the time that the preparation steps 
require. On the other hand, liquid-liquid extraction is analogous to SPE but can 
achieve higher recovery rates and is less time consuming. However, it has 
drawbacks as it requires large amounts of costly solvent and careful handling for 
error minimisation. The two liquids (phases) involved in liquid-liquid extraction 
must be immiscible. In SPE, however, one phase is a solid sorbent, and therefore 
it is, by definition, "immiscible" with any extraction solvent used. 
It can be concluded at this stage that both SPE and LLE have disadvantages. 
Therefore, they both have to be evaluated and compared. The selection of the 
preferred technique will be based on the highest recovery rate. This is the most 
important factor since this project is expected to deal with very low concentrations 
of EDCs. 
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5.3.2 Derivatisation 
Mol et al. (2000) developed a derivatisation procedure after investigating 
important parameters such as time, temperature, the presence of solvent, the 
matrix, the interference of moisture and the amount of reagent used at a relatively 
high analyte concentration level of 20, ug/mL. 
The conclusions are as follows: 
  After 30 min no underivatised products were present in the chromatographs 
and no significant increase in the response of the derivatives was observed. 
This led to the conclusion that 30 min is the minimal time required for 
quantitative reaction of EDCs in the standard solutions. 
  Experiments at room temperature showed that the reaction is not very robust. 
However, at 75°C satisfactory results were obtained. (Note that no attempts 
were made to use either higher or lower temperatures). 
  It was found that ETHYL ACETATE was the most favourable solvent for the 
reaction. The yield of the derivatisation was higher for 30 min. as compared 
with 3 h. 
  Traces of water up to 1% had no effect on the derivatisation yield as long as an 
excess of reagent (in mol relative to the amount of water) was added. 
  In the presence of matrix, however, the preferred reaction time was above 2h. 
Small reaction volumes and high concentrations of reagent were required in 
order to obtain quantitative yields within an acceptable time. 
  Optimum conditions for derivatisation were: 200µl of extract, 200µ1 of N- 
methyl-N-(tert-butyldimethylsilyl)-trifluoroacetamide (MTBSTFA), 75°C, and 
3h reaction time. 
  Optimum conditions for SPE: pH 4, using either C18 or PS-DVB as stationary 
phase. 
  Recoveries over 60% were achieved in this investigation. For hormones the 
best recovery was at pH 4 and SDB, C18 disc. 
  The detection limits for EDCs by this method were limited to 50-300 ng/l. 
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5.4 EXPERIMENTAL PROCEDURES 
5.4.1 Chemicals 
The oestrogens used in all the experiments were 17ß-oestradiol and 17a-ethinyl 
oestradiol, supplied by Sigma-Aldrich Ltd, UK. All solvents used, i. e. 
dichloromethane, acetone, hexane, methanol and ethyl acetate were of Distrol 
grade and were supplied by Fisher Scientific, UK, along with 0.1 M sulphuric 
acid, 0.1 M sodium hydroxide and 0.1 M hydrogen chloride. Mirex was purchased 
from Qmx Laboratories Limited, UK. The derivatisation reagents, N-methyl-N- 
(trimethylsilyl) trifluoroacetamide (MSTFA) and trimethylsilylimidazole (TMSI) 
were obtained from Sigma-Aldrich. The SPE columns, C18 material (1000 mg, 6 
mL) and styrene-divinylbenzene and PS-DVB, 200 mg, 3 mL were supplied by 
Fisher Scientific, UK. 
All vials and bottles used for the experiments were made of silanised glass and 
were thoroughly cleaned between uses with chromic acid followed by rinsing with 
distilled water and dionised water. 
5.4.2 Oestrogen Determination 
The experimental procedure for determining the concentration of oestrogens was 
established by considering the physical and chemical properties of these chemical 
substances. Oestrogens are substances that can be detected and quantified by Gas 
Chromatography Mass Spectrometry (GC/MS). In gas chromatography, however, 
it is advantageous to derivatise polar functional groups (mainly active hydrogen 
atoms) with suitable reagents. The analytes used in this work, i. e. hydroxyl-group 
containing endocrine disruptors, can be determined by GUMS without 
derivatisation. Trace level analysis, however, requires derivatisation due to 
adsorption of the sample in the GC inlet and peak tailing caused by interaction of 
the analytes with the analytical column. The oestrogen derivatisation products 
have improved volatility, better thermal stability and lower limit of detection due 
to improved peak symmetry. 
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This section provides useful information on the preparation of standards and 
aqueous samples used for the assessment of different adsorbent materials, the pre- 
concentration techniques employed, the analytical procedure and procedures the 
standards and samples underwent before analysis. Finally, description of the batch 
adsorbent and kinetic experiments are given. 
5.4.3 Preparation of Standards and Aqueous Oestrogen Solutions 
Individual stock solutions of 100 mg/L of all oestrogens (17ß-oestradiol and 17a- 
ethinyl oestradiol) were prepared in Distrol grade acetone. A 10 mg/L working 
solution of each oestrogen was prepared by dilution from the stock solutions for 
use in the experiments. The oestrogen stock and working solutions were kept 
under refrigerated conditions (< 277 K) when not in use. 
The working solutions of the oestrogens were prepared every month in order to 
avoid the impact of ageing of the materials and thus minimise degrading and 
instability of the oestrogens. The stock and working solutions, when needed, were 
removed from the freezer and were left to reach room temperature in a desiccator 
overnight. This was considered essential to prevent moisture condensation on the 
walls or inside the storage bottle. 
Calibration was conducted using several concentrations of the individual 
oestrogens ranging from 0-2.5 mg/L. The standard concentrations were prepared 
from dilution of the working solution in 10 mL volumetric flasks in Distrol 
acetone. An aliquot, 0.7 mL, of each of the standard concentrations were 
transferred to 1 mL reaction vials (Wheaton derivatisation vials). The vials were 
placed in a heating block and the solvent was evaporated to dryness at 333 K by a 
stream of nitrogen (see Figure 5.6), before commencing the derivatisation 
procedure (see section 5.4.5). 
Any aqueous solutions involved in batch experiments and kinetic studies were 
prepared by spiking the stock or working solution (depending on the concentration 
required) to ultra pure water. For detailed description on the aqueous sample 
preparations refer to sections 5.4.7 and 5.4.8. As acetone was miscible in water, 
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transfer of the oestrogen in the aqueous phase was possible. The solution was 
stirred constantly for 30 min with the aid of a magnetic stirrer. 
I Glass manifold 
I Class connectors 
Derivatisation Vials ' 
Heating block (333 K) 
I Glass column 
Silica gel 
N2 line (inlet) 
Figure 5.6. Set-up for drying the derivatisation mixture from the reaction vials. 
5.4.4 Oestrogen Pre-Concentration 
The low concentrations of 17ß-oestradiol (E2) and 17a-ethinyl oestradiol (EE2) 
used in this study created the need for a pre-concentration step before 
derivatisation and analysis. An additional study of the physical and chemical 
properties of the oestrogens suggested that their separation from an aqueous 
environment could be achieved by solid phase extraction (SPE) or liquid-liquid 
extraction (LLE). 
The SPE method is simple yet time consuming, and involves the passing of the 
aqueous sample through a SPE column. The separation of the analytes from the 
aqueous phase is achieved by adsorption into the solid material present in the 
column. The desired analytes are recovered by an elution solvent. The advantages 
and disadvantages of both pre-concentration techniques are described below. 
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5.4.4.1 Solid phase extraction (SPE) 
Solid Phase Extraction was employed for the pre-concentration of aqueous 
solutions prior to GC/MS analysis. Only the solutions used for adsorption studies 
were extracted by SPE since the oestrogen concentrations were very low. The SPE 
procedure involved conditioning, extraction, drying and elution of the SPE 
columns and is analytically described in Table 5.2. A filtration step was carried 
out prior to extraction using glass fibre to remove adsorbent particles. The pH was 
adjusted to 4 using 0.1 M sulphuric acid. C18 material (1000 mg, 6 mL) or a 
polymer material (styrene-divinylbenzene, PS-DVB, 200 mg, 3mL) were used for 
packing the columns of SPE. 
Table 5.2. Procedures for Solid Phase Extraction. 
Conditioning 
Extraction 
PS-DVB 
The columns were conditioned 
by passing 6 mL of HPLC 
grade methanol followed by 3 
mL of 2% MeOH in water 
under gravity. 
500 mL samples of solution 
were passed through the 
columns at a flow rate of 1 
mUmin. 
C18 
The columns were conditioned 
by passing 10 mL of HPLC 
grade methanol followed by 10 
mL of 2% MeOH in water 
under gravity. 
500 mL samples of solution 
were passed through the 
columns at a flow rate of 3 
mUmin. 
Drying Excess water remaining on the cartridge is removed by air 
suction for 10-15 min. The columns were dried using a stream of 
nitrogen till dry (approx. 30 min). 
Elution The compounds retained in The compounds retained in the 
the cartridges were desorbed cartridges were desorbed with 6 
with 3 mL of ethyl acetate mL of ethyl acetate (under 
(under gravity) and the eluent gravity) and the eluent was 
was collected in 7 mL vials. collected in 7 mL vials. The 
The columns were then blown solvent from the columns was 
dry with nitrogen. completely evaporated using a 
stream of nitrogen. 
Reconstitution Ethyl acetate was dried from the sample vials and the analytes 
were re-dissolved in different volumes of ethyl acetate 
depending on the pre-concentration required (normally 0.8mL). 
The vials were shaken vigorously and were kept at low 
temperatures until derivatisation and analysis took place. 
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A 16 port manifold with PTFE valves was used for SPE, which was connected to 
a peristaltic pump and could support different flow rates (see Figure 5.7). The 
flow rate through the columns was controlled and sufficient vacuum was created 
by filling the glass tank of the manifold with 3 litres of water. Flow rate ranged 
from 1-3 mL/min. Cartridges were placed on a vacuum manifold and were 
conditioned by passing an amount of Distrol grade methanol followed by few mL 
of 2% methanol in water under gravity. The columns were not allowed to dry until 
500 mL of the spiked samples were passed through. Excess water remaining in the 
cartridges was removed by air suction for 10-15 min, the columns were then dried 
using a stream of nitrogen. Subsequently, the analytes were eluted with 6 mL of 
ethyl acetate and the eluent was collected in 7 mL vials. Ethyl acetate extracts 
were evaporated by nitrogen and the analytes were re-dissolved in 0.8 mL of 
acetone. 
fýY? r+ 4' 
. 
ýy'ý; ^ý 
ýh ý 
3rT+'. 
ý., ý.. .r 
5.4.4.2 Liquid-liquid extraction (LLE) 
The oestrogenic samples used for kinetics were extracted from the aqueous 
solutions by liquid-liquid extraction. 1 mL dichloromethane aliquot was added to 
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the aqueous samples (1 mL) placed in 7 mL vials. The vials were firmly closed 
and were shaken vigorously for about 30 sec using a Fisons Whirlimixer. A 0.8 
mL aliquot of the organic layer was carefully collected and transferred to the 
derivatisation reaction vial. The dichloromethane was completely evaporated 
under the flow of nitrogen and the derivatisation procedure followed. 
5.4.5 Derivatisation 
A derivatisation reaction was required for analysing oestrogens via gas 
chromatography-mass spectrometry (GCIMS) for enhancing the sensitivity of 
their detection and two strong silylation reagents were used. The derivatisation 
mixture consisting of 1 mL of N -methyl-N- (trimethylsilyl) trifluoroacetamide 
(MSTFA) and 2 µL of trimethylsilylimidazole (TMSI) was prepared and 50 pL 
was added to each of the reaction vials. The vials were then tightly sealed and 
placed again in the heating block at 333 K for 30 min. The reactions of 170- 
oestradiol with the derivatisation reagents (MSTFA and TMSI) are described 
below (Figures 5.8 and 5.9). Similar reactions occur for the derivatisation of 17a- 
ethinyl oestradiol. 
Oiler vv 
Oestradiol or 170-Oestradiol 
1113 
+ H3(3-Si- 
o 
-" 
1 C113 
Trimethylsilyl imidazole 
Oil 
CH3 
C113 
+ ll- N 
I" I3 
%113 
III"Imidazoie 
Figure 5.8. Derivatisation reaction of 170-oestradiol with trimethylsilyl 
imidazole. 
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Figure 5.9. Derivatisation reaction of 17(3-oestradiol with N-methyl-N- 
trimethylsilyl trifluoroacetamide. 
After the completion of the derivatisation reaction, the vials were opened and the 
solution was again evaporated to dryness with nitrogen (Figure 5.6) and 0.7 mL of 
0.5 mg/L mirex in hexane was added to reconstitute the samples. The vials were 
mechanically shaken vigorously (by a Fisons Whirlimixer) for 30 s prior to 
(GC/MS) analysis. 
5.4.6 Oestrogen Analysis 
A Hewlett-Packard HP 6890 series gas chromatograph equipped with an on- 
column injector, an auto sampler, and a HP 5973 mass-selective detector was used 
for the analysis of all samples. GGMS conditions for most of the sample analysis 
were set as shown in Table 5.3. Identification and quantification of the compound 
of interest were performed by selected ion monitoring or full scan mode. 
0.1 µL of the sample was injected in the GC port and was analysed for 40 min at a 
constant pressure mode of 4 psi (i. e. 1.9 mL/min flow rate). The oven temperature 
was kept constant for the first 5 min at 323 K and increased to 373 K at 10°/min 
120 
B is(trimethylsilyl)oestradiol 
Chapter 5. Method Development, Adsorption and Kinetic Studies 
and kept at 573 K for extra 10 min. The mass selective detector when running 
under the SIM (single ion monitoring) mode, was scanning at 272,285,416 and 
272,285,425 selected masses for 17ß-oestradiol and 17a-ethinyl oestradiol 
respectively, whereas it scanned at a broader range of selected mass (50-600 m/z) 
for full scan mode. 
Table 5.3. Gas Chromatography and Mass Spectrometry parameters. 
GC instruments: GC 8000 series. 
GC column: RH-5ms capillary GC column 30 m (Chromatix 
Separation Science), film thickness: 0.25 µm, id: 0.32 mm. 
GC injection: Varying volume (10 lüg-0.2 µL) splitless programmed 
from injection temperature. Constant injection 
temperature: 523 K. Split valves open after 1 min. 
Carrier gas: Helium. Constant pressure head of 4 psi. 
GC temperature: 323 K isothermal 5 min; 10°/min to 573 K isothermal for 
10 min. 
Solvent delay time: 4 min. 
MS instrument: Fisons MD 800 (direct inlet); 523 K (transfer line), 473 K 
(source). EI mode. 
MS electron energy: 70 eV. 
SIM conditions: At 285,416 (selected masses). Retention time: 27.8 sec. 
Dwell time: 0.08. Span: 0.2. 
5.4.7 Sorption Experiments 
A solution of a4 tg/L 173-oestradiol or 17a-ethinyl oestradiol was prepared in a 
5000 mL volumetric flask by dilution from a 10 mg/L working solution in Distrol 
grade acetone. The solution was prepared with ultra pure (MilliQ) water, its pH 
was adjusted to 4 using 0dM of sulphuric acid and was stirred by a magnetic 
stirrer for 30 min. 
The solution was transferred into 500 mL amber Winchester bottles and different 
masses of adsorbents (wet carbon and dry polymers) were weighed and added to 
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each bottle. The bottles were left to shake in a Brunswick C Series incubator 
shaker for 7 days at 100 rpm and at 298 K to ensure that equilibrium was 
obtained. 
The adsorbents used for batch adsorption experiments were all in original granular 
form. The mass of polymers used was based on dry measurements. The mass of 
activated carbons used however, was based on wet measurements i. e. the carbons 
were soaked in ultra pure water for 24 h prior use to ensure pores were not full of 
air. Any excess water was removed by centrifugation (5 min at 3000 oscillations 
per min). The moisture content of the carbons was calculated after drying a known 
wet quantity (after centrifugation) in an oven at 378 K. The moisture content was 
taken into account for converting the wet adsorption to dry adsorption. 
5.4.8 Kinetic Experiments 
Kinetic experiments were conducted in the set-up shown in Figure 5.10. Aqueous 
solutions for kinetic experiments were prepared in a 2000 mL volumetric flask 
from the stock solution. 
Variab 
Tb 
Oestroge: 
ocoil 
Figure 5.10 Experimental set-up for kinetic studies. 
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Concentrations of 0.5 and 1 mg/L were prepared and left to mix well with the aid 
of a stirrer for 30 min. The solution was placed to the round-bottomed flask and 1 
g of different granular size adsorbent was placed into a rotating basket made of 
Perpex and plastic mesh (40 µm opening). The basket was placed in the flask and 
was connected to the stirrer. The stirrer motor started immediately and was set to 
250 rpm. Samples of 1 mL were collected at certain time intervals and were 
placed in 7 mL vials for further treatment. The experiments were conducted for 3 
h at a constant temperature of 298 K. 
5.5 ANALYTICAL METHOD DEVELOPMENT 
This section presents and discusses the results obtained from the establishment 
and optimisation of the analytical method used to quantify 1713-oestradiol and 
17a-ethinyl oestradiol. It should be emphasized that determination of the 
concentration of 1713-oestradiol and 17a-ethinyl oestradiol was a major part of this 
work. In the literature survey chapter for EDCs (chapter 2) the different methods 
for determining EDCs were presented. Regardless of previous publications, there 
are not currently any well-established methods with standardised protocols that 
are widely used. The method used (and its development) depends entirely on the 
researcher and the needs of the research. 
The results presented in this section correspond to two years of research. The 
analytical instrument used in the first year belonged to the Department of 
Chemistry at Loughborough University (Instrument A) whereas the analysis 
performed in the second year was done by the Gas Chromatography Mass 
Spectrometry GC/MS instrument in the Department of Chemical Engineering at 
Loughborough University (Instrument B). Therefore, two set of results are 
presented since method development was established for both instruments. The 
adsorption isotherm and kinetic experiments results were obtained with 
Instrument B, ensuring similar analytical conditions and comparable results. The 
solid phase extraction and liquid-liquid extraction techniques were also developed 
from scratch. The SPE method was evaluated and the results concur with the type 
of SPE columns later used in extracting the adsorption samples. 
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5.5.1 Stages of Method Development 
For method development purposes the following steps were followed: 
" Information on the samples i. e. their physicochemical properties and 
concentration levels were collected. 
" The equipment used was determined according to the facilities availability 
and sample information. 
" The column of the instrument was selected and the initial separation 
conditions were chosen. 
" The samples pre-treatment was determined. 
" The separation was optimised and evaluated. 
" The procedure was finalised and validated before being used to quantify 
any experimental results. 
The purpose of establishing an analytical method was to determine the 
concentration of 17ß-oestradiol and 17a-ethinyl oestradiol in water at low levels" v 
(ng/L). The water used was ultrapure (MilliQ) to eliminate any interference of a 
more complicated matrix on the detection and quantification of the oestrogens of 
interest. Initially, until Instrument B was commissioned, the samples were 
analysed using Instrument A. A study of the physical and chemical properties of 
the oestrogens suggested that quantification could be performed using a GCIMS 
instrument with a RH-5ms column. The oestrogens required derivatisation prior to 
injection. The analysis was conducted in stages and the results provided the basis 
for modifying the experimental and analytical technique accordingly. It is thus 
worthwhile to show the reasons for any alterations by describing in detail the steps 
performed each time. 
Table 5.4 gives a synopsis of the different stages of method development, clearly 
describing the reasons behind each change. Further and more detailed discussion 
is presented in the corresponding individual sections that follow. 
"" Since the levels of oestrogens in water have been found at the ng/L range, the analytical 
technique employed needs to be established for these levels. 
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Table 5.4. Methodology of GC/MS analytical and experimental procedure. 
Stages Objectives 
Stage 1 Preliminary sample preparation and evaluation of different drying 
processes. 
Stage 2 Performance of first analysis. Consideration of the moisture factor and 
the drying processes. 
Stage 3 Optimisation of the injection volume. Interference of any contamination 
is accounted for. Survey for possible contamination sources (i. e. 
solvents used). 
Stage 4 First calibration curve obtained. 
Stage 5-8 Repetition of calibration curve for validation of experimental 
procedures and analytical conditions. . 
Stage 9 Further evaluation of analytical conditions. Optimisation of GC/MS 
parameters. 
Stage 10 Calibration curve obtained". Establishment of final experimental 
procedure and analytical method. 
Stage 11 This stage describes the method development for the new GC/MS 
instrument in the Chemical Engineering Department of Loughborough 
University (Instrument B). 
Stage 12 Solid Phase Extraction and Liquid-Liquid method development. 
5.5.1.1 Stage 1: Preliminary sample preparation 
In this stage, experiments were set with the aim of gaining experience in 
performing the preparation of standard samples. For this purpose, a high 
concentration (100 mg/L) of 17ß-oestradiol was prepared in acetone. 0.4 mL of 
this solution was transferred in different vials. Although the vials contained 
samples of the same initial concentration, their treatment differed. Some samples 
were dried in conventional oven at a temperature of 328 K whereas some were 
dried in a vacuum oven at ambient temperatures. 
"" Calibration curves were obtained every time changes were performed. This assured that the 
changes did not interfere with any progress made during method development. 
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The sample preparation (Section 5.4.3) required the drying of the solvent in which 
the samples were dissolved twice, both prior and after derivatisation. Initially, the 
drying was required to evaporate all the solvent the compounds were dissolved in 
and later for evaporation of any excess derivatisation mixture. The evaluation of 
the drying processes was based on observations of the prepared samples during 
and after drying was completed. They were assessed according to suitability for 
the purpose they served. 
It was noticed that the samples dried in the conventional oven took considerably 
less time (approximately 2 h) compared to the ones dried in the vacuum oven (12 
h). The time difference was attributed to the easier evaporation of the solvent 
when exposed to higher temperatures. However, when high temperatures were 
employed, the remaining solid turned into a dark brown colour suggesting that the 
material (initially white powder) underwent degradation because of the continuous 
and extensive application of heat. 
Vacuum oven drying of the samples was equally inadequate. Even though there 
was no observed problem with drying prior to derivatisation, the formation of a 
crust layer (after derivatisation) during the drying process prevented complete 
drying of the derivatisation mixture"'. The formation of the crust on the top 
surface of the derivatisation mixture was believed to occur as a result of rapid 
cooling"" of the mixture, the prolonged exposure of the mixture to air, or 
condensed moisture in the vials""'. The formation of this crust resulted in a long 
completion time for drying. It was noticed that the crust only disappeared after 12 
h in the vacuum oven, making the method relatively attractive for further use. 
""' The crust formed prevented easy evaporation of the derivatisation mixture since air could not 
circulate inside the vial. 
x"" Derivatisation in this case was conducted in sealed vials at 333K. The vials were immersed in a 
water bath ensuring temperature control. 
The presence of moisture in the vials was inevitable after the vials were opened from a hot to a 
cold environment. 
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5.5.1.2 Stage 2: Analysis (Consideration of the moisture factor) 
Having decided on a drying method and derivatisation procedure (i. e. drying in a 
vacuum oven with no presence of heat and derivatising the samples in a water 
bath at 333K), analysis was conducted. For analysis purposes standard samples of 
100 and 10 mg/L 17ß-oestradiol were prepared. The logic behind the preparation 
of high concentration standard samples was to evaluate the performance of the 
GC/MS instrument (Instrument A) and to set the instrumental conditions in which 
the samples were analysed. Lai et al. (2000) had analysed for 17ß-oestradiol and 
their instrumental conditions were followed as a guideline for setting the 
experiment parameters at this initial stage. However, the requirements of 
Instrument A varied from the method followed by Lai et al. (2000). 
The preparation of standard samples required: 
1) Dissolving the oestrogen in a solvent 
2) Transferring a set amount of oestrogen in a vial 
3) Drying the solvent to complete dryness 
4) Adding the derivatisation mixture 
5) Derivatising with closed lid at 333K in a water bath 
6) Drying the derivatisation mixture 
7) Reconstituting in hexane and injecting 
In each stage of developing the analytical method (described below Stages 1-11) 
different standard samples were prepared. The samples in each stage of the thesis 
are described (brief description) and given names according to the sample 
preparation method. 
In this initial stage acetone was used as a solvent. The following samples were 
prepared: 
a) Blank: Pure acetone with no addition of oestrogen followed the same 
preparation procedure as any other sample prepared. Thus the sample was 
dried, derivatised, dried and reconstituted in hexane. 
b) Sample b: 100 mg/L of 1713-oestradiol was prepared in acetone, dried, 
derivatised, dried and reconstituted in hexane. 
c) Sample c: 10 mg/L of 173-oestradiol. The sample was prepared as Sample 
b and only differed in concentration. 
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After analysis of the samples, important information on the retention time of the 
derivative of 173-oestradiol was extracted. The peak of bis-trimethylsilyl 
oestradiol (derivatised from 173-oestradiol) was found at a retention time of 
27.734 min in the gas chromatogram of the Total Ion Monitoring (TIM) (Figure 
5.11). The peak is very small relative to the other peaks detected. The other peaks 
were identified as impurities and underivatised products. The latter information 
was provided by detecting the substances in the library database of the GC/MS. 
Analyses of the samples were repeated by Single Ion Monitoring (SIM) (Figure 
5.12). The 170-oestradiol derivative peak was more enhanced compared to the 
TIM equivalent. SIM was concluded as a more useful tool for the detection and 
quantification of low oestrogen concentrations. At this stage it was advantageous 
to run the samples by both methods since TIM assessed the quality of the samples 
(i. e. level of impurities). 
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Figure 5.11. Gas chromatogram of 100 mg/L 170-oestradiol derivative (TIM). 
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Figure 5.12. Gas chromatogram of 100 mg/L 17ß-oestradiol derivative (SIM). 
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A peak of 1713-oestradiol derivative in Sample c (Figure 5.13) was expected at 
around the same retention time (at 27-28 min) as in Sample b (Figure 5.11). The 
peak, however, is not observed. When SIM was performed (Figure 5.14), the peak 
still could not be detected in that time region. The blank demonstrated exactly the 
same behaviour. The inability of the instrument to detect the derivative at lower 
concentration indicated that there was a factor in the experimental procedure that 
was causing the problem. At this stage however, only assumptions could be made 
as to what the problem was. 
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Figure 5.13. Gas chromatogram of 10 mg/L 17ß-oestradiol (TIM). 
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Figure 5.14. Gas chromatogram of 10 mg/L 17ß-oestradiol (SIM). 
Detection of the 17ß-oestradiol derivative was only possible by examining the 
mass spectrum of the SIM of Sample c. The spectrum possessed the masses of 285 
and 416"" that were better distinguished after subtracting the background (Figure 
5.15). The verification of the corresponding molecule came from the library 
"` The selected masses 285 and 416 correspond to 17ß-oestradiol derivative. 
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check, which showed that the spectrum matched that of bis (trimethylsilyl) 
oestradiol. 
n 
Figure 5.15. a) Mass Spectrum of Bis(trimethylsilyl) oestradiol (GC/MS library) 
b) Derivative detected by analysis. 
More conclusions were derived by carefully examining and interpreting these 
chromatograms. The peak of bis(trimethylsilyl) oestradiol in Figure 5.11 was 
expected to be more intense since it corresponded to a high initial concentration 
(100 mg/L). However, there was a difficulty in detecting the derivative, which 
was believed to occur due to interferences with the reaction during the 
derivatisation process. There was a possibility that it was not taking place when 
low concentrations were involved, or its yield was very low when higher 
concentrations were involved. Both possibilities were attributed to the moisture 
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factor, which according to Mol et al. (2000) had an adverse effect on the silylation 
reaction and the stability of the derivatives formed by it. 
The drying procedure was altered to accommodate the effect of the moisture. 
Instead of drying the samples in an vaccum oven, they were dried with nitrogen. 
Drying in a vacuum oven was regarded as the main source of moisture build up 
since the presence of moisture in the vials was inevitable after the vials were 
opened from a hot to a cold environment. 
The derivatisation procedure was also altered and the derivatisation reaction took 
place in a heating block in place of the water bath and the rest of the drying was 
carried out with the aid of nitrogen. The procedure established is given in the 
experimental procedure section (Section 5.4.5). Additionally, moisture was 
eliminated by leaving all glassware and chemicals to reach room temperature in a 
desiccator before handling further. Any moisture resulting from the solvents was 
eliminated by using extra dry and pure solvents. 
5.5.1.3 Stage 3: Effect of solvent and injection volume 
Investigation of diluting the 17ß-oestradiol molecule in HPLC grade acetone and 
dichloromethane (DCM) was performed in this stage. Blank samples were 
prepared in this stage similarly to stage 2. The samples prepared in this stage are 
presented in Table 5.5 along with a brief description of their preparation. 
Table 5.5. Samples prepared at stage 3 for method development evaluation. 
Sample 
Description (preparation procedures): 
name: 
Sample 1 
100 mg/L 170-oestradiol in acetone, dried, derivatised, dried, followed by 
addition of hexane 
Sample 2 
100 mg/L 17(-oestradiol in DCM, dried, derivatised, dried, followed by 
addition of hexane 
Sample 3 
10 mg/L 17ß-oestradiol in DCM, dried, derivatised, dried, followed by 
addition of hexane 
Blank 1 DCM, dried, derivatised, dried, followed by addition of hexane 
Blank 2 Acetone, dried, derivatised, dried, followed by addition of hexane 
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After analysis (injected volume 10 µL") Sample 1 and Sample 2 were identical. 
The peaks of the chromatograms appeared at the same retention time and were of 
similar intensity especially at 27.957 and 27.982 min (Figures 5.16 and 5.17). 
When comparing the peaks of Sample 1 and Sample 2 with those of Sample b at 
stage 3, the peaks of the samples prepared in this stage were better defined and of 
higher intensity. It was therefore concluded that the use of a different solvent had 
no effect on the analysis and that the derivatisation technique was more efficient 
than in the past. 
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Figure 5.16. Sample 1- Gas Chromatogram of 100 mg/L 17ß-oestradiol in 
acetone (TIM). 
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Figure 5.17. Sample 2- Gas Chromatogram of 100 mg/L 17ß-oestradiol in DCM 
(TIM). 
Sample 2 and Sample 3 peaks were compared (see Figures 5.18 and 5.19) and the 
comparison showed insufficient performance of the derivatisation reaction. The 
" Large injection volumes assured that the compounds were easier to detect. 
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abundance of the peak is almost the same, but the peak area for the 100 mg/L 
sample at 27.98 min is almost ten times higher than that for the 10 mg/L sample. 
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Figure 5.18. Gas Chromatogram of 100 mg/L 170-oestradiol in DCM (TIM). 
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Figure 5.19. Gas Chromatogram of 10 mg/L 17ß-oestradiol in DCM (TIM). 
The TIM chromatograms of Sample 2 and Sample 3 showed the presence of high 
chain hydrocarbons in the same area (around 20-32 min) that the peak of interest 
appeared, which interfered with the peak of the derivative. Any interference 
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reduces the level at which the compound of interest was detected due to variable 
baseline. 
The same pattern was noticed in the chromatograms of the other samples analysed 
(even in the blanks) and was an unexpected observation (Figures 5.20-5.22). The 
similarity in the chromatograms suggested that all the samples were contaminated. 
The most probable source was the insufficient cleaning of the glassware used 
since these hydrocarbons are known to be components of grease and oil. 
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Figure 5.20. Gas chromatogram of Sample 3, (TIM). 
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Figure 5.21. Gas chromatogram of Blank 1, (TIM). 
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Figure 5.22. Gas chromatogram of Blank 2, (TIM). 
The SIM chromatograms of the Sample 1 and Sample 2 showed peaks (Figures 
5.23 and 5.24), which after in comparison with the ones in Figures 5.16 and 5.17 
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were clearly more enhanced. However, the peak of interest was split into two parts 
(a smaller and a larger peak) indicating that the large volume injected in the GC 
overloaded the column. 
1.0E+08 
8.0E+07 
C 6.0E+07 
4.0E+07 
2.0E+07 
0.0E+00 
25 
min 
Figure 5.23. Gas Chromatogram of 100 mg/L 170-oestradiol in acetone (SIM). 
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Figure 5.24. Gas Chromatogram of 100mg/L 17(3-oestradiol in DCM (SIM). 
The effect of the injection volume was investigated by multiple injection of 
different volumes of Sample 3. Injections of 10 µL, 1 pL and 0.2 µL, respectively 
were performed. The results (Figures 5.25-5.27) demonstrated that as the 
injection volume decreased the peak lost its `shoulder' and became sharper and 
better defined. However, excessive decrease of the volume caused diminishing of 
the peak, i. e. the substance was not detected by the gas chromatograph. Another 
conclusion was that the SIM was more sensitive than the TIM mode, and 
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Figure 5.25. Gas Chromatogram of 10 mg/L 170-oestradiol in DCM (SIM, 10µL 
injection). 
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Figure 5.26. Gas Chromatogram of 10 mg/L 1713-oestradiol in DCM (SIM, 1µL 
injection). 
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Figure 5.27. Gas Chromatogram of 10 mg/L 1713-oestradiol in DCM (SIM, 0.2µL 
injection). 
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Instrument A could detect concentrations of 17ß-oestradiol of about 0.1 mg/L. In 
order to compromise the sensitivity and resolution of the analysis the optimised 
injection volume was 1 µL, which was sufficient for the detection of 
concentrations as low as 0.05 mg/L. 
It is concluded that dithioerythrito1' ' (one of the compounds of the derivatisation 
mixture) was giving a derivative after the derivatisation procedure, whose peak 
could be detected in all the samples analysed with TIM at 20.630 min, proving 
that derivatisation was taking place and that the conversion was successful. 
However, tetrakis (trimethylsilyl) dithioerythritol derivative gave an intense peak, 
which interfered with the derivative of importance and made its quantification 
difficult. It was therefore removed from the derivatisation mixture without 
affecting the derivatisation procedure. 
5.5.1.4 Stage 4: Calibration and elimination of other interferences 
The previous stages conducted a thorough investigation of the parameters 
influencing the analysis of 17ß-oestradiol. It was concluded that moisture was 
affecting the yield of the derivatisation reaction. Different drying processes were 
also investigated and the drying process was optimised"". The injection volume 
was also optimised to 1 µL. Finally, the contamination sources in the preparation 
procedure were checked and eliminated. 
In this stage standard samples were prepared in order to validate the GC/MS 
method developed. Obtaining a calibration curve would test the linearity, accuracy 
and sensitivity of the method. The standard preparation was carefully conducted 
accounting for the moisture factor interferences and eliminating probable sources 
of it. Along with obtaining a calibration curve, the detection of the hydrocarbon 
pattern was investigating by analysing the solvents (acetone, DCM, and hexane) 
""I Dithioerythritol was initially used as an internal standard for assessing the derivatisation 
procedure. The final procedure for derivatisation described in Section 5.4.5 did not include this 
internal standard because the method when well establish did not require its presence. Mirex was 
used instead which produced less interference with the analysis as proven in later stages of the 
method development. 
'a It was decided that the drying would take place in a heating block with a stream of nitrogen 
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used. For this purpose, three injections in the GGMS were performed using the 
organic phases (solvents) used for sample preparation. The overall description of 
the samples prepared at this stage are presented in Table 5.6. 
Table 5.6. Standards and blanks prepared at stage 4. 
Sample 
Description (preparation procedures): 
name: 
Blank 3 DCM, dried, derivatised, dried, followed by addition of hexane 
Standard 1 0.05 mg/L 1713-oestradiol in DCM, dried, derivatised, 
dried, followed by 
addition of hexane 
Standard 2 0.10 mg/L 170-oestradiol in DCM, dried, derivatised, dried, followed by 
addition of hexane 
Standard 3 0.25 mg/L 1713-oestradiol in DCM, dried, derivatised, dried, followed by 
addition of hexane 
Standard 4 0.50 mg/L 170-oestradiol in DCM, dried, derivatised, dried, 
followed by 
addition of hexane 
Standard S 
2.50 mg/L 17ß-oestradiol in DCM, dried, derivatised, dried, followed by 
addition of hexane 
Blank 4 DCM 
Blank 5 Acetone 
Blank 6 n-Hexane 
Figures 5.28-5.32 present the chromatograms of the standards analysed. It can be 
seen that with an increase in concentration, the peak response increases and that 
concentrations as low as 0.05 mg/L were detected. The analysis of the blanks 
showed that no impurities were present in those samples. 
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Figure 5.28.0.05 mg/L 1713-oestradiol prepared in DCM (SIM). 
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Figure 5.29.0.10 mg/L 1713-oestradiol prepared in DCM (SIM). 
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Figure 5.30.0.25 mg/L 1713-oestradiol prepared in DCM (SIM). 
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Figure 5.31.0.5 mg/L 1713-oestradiol prepared in DCM (SIM). 
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Figure 5.32.2.5 mg/L 1713-oestradiol prepared in DCM (SIM). 
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The GC/MS analytical method was linear over the range of 0-2.5 mg/L with 
correlation coefficient of 0.986 for 17ß-oestradiol. The calibration curve was 
produced by multiple injections of different concentrations of the derivatised 
compounds in n-hexane. The graph was obtained by plotting the area under the 
peak against the corresponding concentration. The area was attained by 
integration (calculated from GC/MS programme) (Figure 5.33). 
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Figure 5.33. Calibration curve for 17ß-oestradiol derivative. 
More points between 0.5-2 mg/L were required for the line as well as a better 
correlation coefficient for the fitting of the line. Therefore, another set of samples 
was prepared to check the reproducibility of the calibration line. 
5.5.1.5 Stage 5-8: Assessing reproducibility 
The calibration curves obtained at these stages are presented in Figure 5.34. It was 
evident that despite the preparation of the samples under identical conditions, the 
calibration curves obtained were not consistent. For further investigation of the 
influence of solvents, the samples of calibration 3 and 4 were prepared in acetone 
and dichloromethane, respectively. The main conclusions after the analysis were 
that the samples prepared in DCM produced peaks of lower intensities than the 
ones prepared in acetone. 
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Figure 5.34. Various calibration curves for 173-oestradiol in acetone and DCM. 
Calibration 1-3: 17f3-oestradiol prepared in acetone. 
Calibration 4: 17ß-oestradiol prepared in DCM. 
In order to assess the circumstances causing the variance, an internal standard was 
included. This would indicate any instrumental fault; the only possible 
explanation at this stage. 
5.5.1.6 Stage 9: Assessing the performance of instrument A 
For the purpose of testing the performance of the instrument the same sample was 
analysed three consecutive times as shown in Figures 5.35-5.37. The 
chromatograms show variation of the intensity of both peaks (internal standard 
and bis (trimethylsilyl) oestradiol) for every injection. Because the injections were 
performed consecutively from the same vial, the only explanation for the 
noticeable difference was the performance of Instrument A. The instrument was 
therefore maintained by cleaning the ion source and changing any disposable 
parts. 
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Figure 5.35.2.5 mg/L sample of 17(3-oestradiol with internal standard. 
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Figure 5.36. Same as sample in Figure 25 but analysed after 12 h. 
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Figure 5.37. Same as sample in Figure 25 but analysed after 24 h. 
5.5.1.7 Stage 10: Establishment of analytical method 
After maintenance of the instrument, two consecutive calibration graphs, 
produced by multiple injections of different concentrations of 17ß-oestradiol 
samples, can be seen in Figure 5.38. It was concluded that the experimental and 
analytical procedure used were well established with concentrations as low as 0.05 
mgIL able to be quantified. 
28 
28 
28 
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Figure 5.38. GC/MS calibration curve for 1713-oestradiol. 
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5.5.1.8 Stage 11: Analytical method development (instrument B) 
The second year of research was focused to a sequence of analyses in order to 
confirm the successful establishment of the analytical method. However, 
continuous malfunctioning of the GC/MS instrument and contamination of its 
column with high concentrations of impurities, which were also analysed during 
the same period, gave inconclusive results. The GC/MS is a service facility and 
required constant maintenance to reduce the background noise. After maintenance 
the intensity of the peaks was improved and the sensitivity of the instrument was 
enhanced. 
At first, it was believed that rigorous maintenance of the instrument would assist 
in obtaining more promising and reproducible results. The lack of control over the 
instrument however, proved that the service facilities provided by the Chemistry 
Department of Loughborough University were unsatisfactory. The importance of 
an analytical instrument dedicated to this specific project was apparent and was 
considered the only solution to avoid any contamination problems. It would also 
be beneficial since immediate analysis of the samples after their preparation 
would be possible and therefore minimising any sample degradation. 
A new GC/MS instrument was commissioned in The Department of Chemical 
Engineering in April 2002 and a new column was used specifically for this 
application. The DB-5MS (J. & W. Scientific) column was of 30 m length, 0.32 
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gm internal diameter and 0.25 tm film thickness. The column operating 
temperatures were from 213 to 598 K. 
Two methods were developed for the analysis of 170-oestradiol. The first method 
involved analysis performed in TIM mode, which was applied for adjusting all 
method parameters such as the autosampler parameters (concerning pre-washing 
of the syringe and pre-treatment of the sample, injection port temperatures, 
pressures and flow rates), over ramp program, interface temperature. TIM was 
also used to familiarise the operator with the new software and some advance 
settings. The second method developed required analysis of the samples in SIM 
mode and allowed only specific masses to be detected. This was a more sensitive 
method with a lower detection limit for 1713-oestradiol. The methods 
characteristics are presented in Table 5.7. 
Table 5.7. TIM and SIM mode parameters set in instrument B. 
TIM METHOD SIM METHOD 
Back injector volume: 1 gL (2 pre- Back injector volume: 1 tL (2 pre- 
injection and 8 post-injection washes, 8 injection and 8 post-injection washes, 8 
pumps) pumps) 
Back EPC Splitless mode inlet, He Back EPC Splitless mode inlet, He 
carrier gas, Heater 523 K, Constant carrier gas, Heater 523 K, Constant 
pressure 4 psi. pressure 4 psi. 
Oven: 4 psi constant pressure, 1.9 Oven: 4 psi constant pressure, 1.9 
mUmin flow rate, average velocity 50 mUmin flow rate, average velocity 50 
cm/sec, 323 K for 5 min then increase cm/sec, 323 K for 5 min then increase 
temperature to 573 K at 10°/min and temperature to 573 K at 10°/min and 
keep for extra 10min. Total time of run: keep for extra 10min. Total time of run: 
40 min. 40 min. 
MS/Scan parameters: Solvent delay 4 SIM/Scan parameters: Selected masses: 
min, Mass range 50-600.1.38 
237,272,285,416. 
scans/min. 
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The validation of the analytical method for 17ß-oestradiol and 17a-ethinyl 
oestradiol was performed, which included testing the specificity, linearity, 
accuracy and precision of the method. The method was linear over the range 0-2.5 
mg/L with correlation coefficients of 0.96-0.99 (the difference was attributed to 
experimental error). The calibration graphs, produced by multiple injections of 
different concentrations of the standards, can be seen in Figures 5.39 and 5.40. 
The high area reported for 17a-ethinyl oestradiol was due to higher injection 
volume (2 µl). 
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Figure 5.39. GC/MS calibration graph for 173-oestradiol (SIM mode, 1 µL 
injection). 
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Figure 5.40. GC/MS calibration graph for 17a-ethinyl oestradiol (SIM mode, 2 
µL injection). 
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5.5.1.9 Stage 12: SPE and LLE method development 
In order to determine low level concentrations (5µg/L and below) of 170- 
oestradiol and 17a-ethinyl oestradiol in water, a pre-concentration step before 
derivatisation and analysis was required. Before other validation stages, it was 
necessary to conduct the SPE method development. This enabled the extraction 
procedures for GC/MS analysis to be included in the validation. 
Different SPE columns (C 18 and PS-DVB (styrene-divinylbenzene)) were used in 
preliminary tests as stationary phase at pH 4. Mol et al. (2000) had used the same 
columns for similar compounds and recoveries over 60% were reported. The 
columns were validated on high concentrations of 40 and 20 µg/L. 
Variance on the flow control settings of the SPE manifold pump described in 
section 5.4.4.1 resulted to significant effects on the recovery efficiencies. Initial 
extractions using both columns produced recoveries of approximately 40%. The 
change of the flow (from 4 to 3 mumin) increased the recovery rates to 75%. It 
was decided to use a flow rate of 1-3 mu min. By investigating the performance 
of the two columns at flow rates of 1-3 mUmin for 40 and 20 µg/L 17ß-oestradiol, 
C18 SPE columns performed better than the PS-DVB columns. The average 
recovery rates calculated were ranging from 60-97% and 20-76% for C18 and PS- 
DVB columns, respectively. Hence, C18 rather than PS-DVB SPE columns were 
selected to enable easier recovery of 17ß-oestradiol and 17a-ethinyl oestradiol. 
C18 SPE columns were further evaluated for lower concentrations in order to 
investigate the influence of the concentration on the recovery efficiencies. 
Concentrations of 5,2.5,1 and 0.5 pg/L were used and the recoveries were 
calculated. The reproducibility of the method was tested by conducting 21 
separate determinations for every concentration of the two oestrogens in ultra-pure 
(MilliQ) water. The recovery rates, mean values and standard deviations of the 
C18 columns for 17ß-oestradiol and 17a-ethinyl oestradiol are summarised in 
Table 5.8 and 5.9, respectively. 
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Table 5.8. Standard deviations and recoveries of C18 columns for the 
determination of 170-oestradiol at a concentration range of 0.5-5 pg/L (ppb). 
Prepared concentration (pg/L) Standard deviation (%) Recovery rates (%) 
5 17.13 94.30 
2.5 11.20 87.56 
1 7.94 67.30 
0.5 9.64 63.29 
Table 5.9. Standard deviations and recoveries of C18 columns for the 
determination of 17a-ethinyl oestradiol at a concentration range of 0.5-5 µg/L 
(ppb). 
Prepared concentration (pg/L) Standard deviation (%) Recovery rates (%) 
5 24.40 87.12 
2.5 22.76 85.98 
1 23.90 69.59 
0.5 25.15 68.99 
Figures 5.41 and 5.42 present the recovery of 173-oestradiol and 17a-ethinyl 
oestradiol in different concentrations (0.5-5 µg/L). The mean value is indicated by 
a solid line and the standard deviation is shown by the dotted lines. 
The results showed that the recovery rates of 17ß-oestradiol and 17a-ethinyl 
oestradiol were affected by decreasing the concentration of oestrogens in the 
aqueous solutions. This suggested that for low concentrations, the SPE flow rate 
should remain constant at low levels (1-2 mu min), which would ensure adequate 
retaining of the molecules by the columns. 
Liquid-liquid extraction method, which was used for extracting the samples 
obtained when the kinetic experiments were conducted, was also evaluated. For 
high concentrations, the recovery of the two molecules was higher than 95%. For 
concentrations of 0.5 and 1 mg/L of 17ß-oestradiol and 17a-ethinyl oestradiol, the 
recoveries of 17ß-oestradiol and 17a-ethinyl oestradiol were found to be 99% and 
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Figure 5.41. Recovery efficiency of 173-oestradiol at concentrations of (a) 5 pg/l, 
(b) 2.5 µg/L, (c) 1 µg/L and (d) 0.5 pg/L. 
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Figure 5.42. Recovery efficiency of 17a-ethinyl oestradiol at concentrations of 
(a) 5 µg/1, (b) 2.5 µg/L, (c) 1 µg/L and (d) 0.5 µg/L. 
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93%, respectively. No variance of the recovery was observed with an increase in 
the concentration of the two molecules at higher levels (over 5 gg/L). 
The limit of detection of each compound was determined by direct solid phase 
extraction and subsequent analysis of low concentrations of the oestrogens. The 
limit of detection is based on the lowest concentration of analyte that the GC/MS 
could quantify. The limit of detection for 17ß-oestradiol was 0.011 µg/L or 11 
parts per trillion and for 17a-ethinyl oestradiol was 0.031 µg/L or 31 parts per 
trillion. 
It is very important at this point, before presenting any adsorption isotherms and 
kinetic results to explain how the data was extracted, calculated, plotted and 
interpreted. The data received from the GC/MS was in the form of abundance 
integration units against residence time (min). In the chromatogram, there were 
two peaks for the compounds of interest; the mirex peak (that should always be 
the same and of known composition) and the oestrogen peak that needed to be 
quantified. In order to quantify the unknown composition of the oestrogen, the 
area of the corresponding peak was normalised with respect to the Mirex ratio 
from several sample analyses. The Mirex ratio was calculated as: 
Mirex ratio = 
Mirex area for each analysis Eq. 5.10 
Average mirex area from all analysis 
and 
Normalised oestrogen ratio = 
Measured oestrogen area Eq. 5.11 
Mirex ratio 
Normalisation was required in order to compensate for any experimental errors 
that could occur during the preparation of the samples. After normalisation of the 
oestrogen area, the value corresponded to the equilibrium concentration of the 
compound after the adsorption or kinetic experiments. The value of concentration 
corresponding to each of the samples used in batch adsorption experiments and 
kinetics was interpolated from the calibration curves of the oestrogens. The 
concentration values were then adjusted (depending the concentration as seen in 
Tables 5.8 and 5.9) taking into account the recovery rates of the SPE columns and 
149 
Chapter 5. Method Development, Adsorption and Kinetic Studies 
the concentration factor or the LLE recovery rates (values given at p. 149). 
Finally, the uptake was calculated using the following formula: 
(Cin 
-Cq)XV 
q. Eq. 5.12 
m 
where q is the uptake of the oestrogen expressed in µmoUg, C;,, and Ceq are the 
initial and equilibrium concentration, respectively (µmol/L), V is the volume of 
aqueous solution used (L) and m is the mass of the adsorbent used (g). 
5.6 ADSORPTION ISOTHERMS AND KINETIC RESULTS 
There are two important properties in an adsorption system using activated 
carbons and polymers: the adsorptive capacity of a given amount of adsorbent for 
a particular solute and the adsorption rate at which that solute is taken out of 
solution by the adsorbent. This information describes the sorption process 
sufficiently and can be extracted from the adsorption isotherms and adsorption 
kinetics of the system. 
The adsorption rate depends on the size and porous structure of the adsorbent 
particles, size and structure of the adsorbate molecule, solution chemistry, 
concentration of solute in solution, the temperature of solution and the surface 
chemical properties of the adsorbent. On the other hand, the adsorption capacity of 
the adsorbents, depends on factors including their surface area and porosity, the 
solubility of the adsorbate in the aqueous solution, pH and temperature. 
5.6.1 Adsorption Isotherm Results 
The adsorption isotherms of 17p-oestradiol and 17a-ethinyl oestradiol onto the 
activated carbons and Hypersol-Macronet polymers used in this study are 
presented below (see Figures 5.43-5.46). 
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Figure 5.43. Adsorption isotherms of 1713-oestradiol onto activated carbons. 
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Figure 5.44. Adsorption isotherms of 173-oestradiol onto Hypersol-Macronet 
polymers. 
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The experimental data has been evaluated using Langmuir and Freundlich 
isotherms (see Section 5.2.2). Tables 5.10-5.13 present the Langmuir and 
Freundlich coefficients for a single component adsorption isotherms. 
Table 5.10. Parameter and correlation coefficients for 17ß-oestradiol adsorption 
for activated carbons. 
Carbons 
Langmuir isotherm Freundlich isotherm 
a 16 RL K N=1/n Rp 
AW 1100 2713.56 1568.56 0.97069 5.1980 0.2389 0.93236 
SAC 6 692.834 352.567 0.99723 16.254 0.4896 0.98846 
YAO 1384.40 1287.97 0.97728 4.4560 0.2977 0.97573 
Brimac 216 197.400 106.988 0.99215 23.764 0.6870 0.98795 
Table 5.11. Parameter and correlation coefficients for 17ß-oestradiol adsorption 
for Hypersol-Macronet polymers. 
Hypersol- 
Macronet 
Langmuir isotherm Freundlich Isotherm 
polymers a ß RL K N=1/n R, 
MN 100 856.782 2226.00 0.78674 0.8352 0.1611 0.72319 
MN 200 552.075 195.005 0.98932 48.205 0.6734 0.99197 
MN 250 705.224 409.715 0.98485 40.488 0.6432 0.99061 
MN 500 2183.77 3711.59 0.95079 1.1224 0.1365 0.86214 
Table 5.12. Parameter and correlation coefficients for 17a-ethinyl oestradiol 
adsorption for activated carbons. 
Carbons 
Langmuir isotherm Freundlich isotherm 
a ß RL K N=1/n Rip 
AW 1100 2998.15 3213.96 0.99025 1.92108 0.14937 0.95394 
SAC 6 11342.5 43.577 0.96594 0.36117 0.06124 0.91252 
YAO 133.762 606.099 0.96916 1.05579 0.90826 0.90826 
Brimac 216 756.856 3679.66 0.98642 0.46668 0.17073 0.88776 
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Table 5.13. Parameter and correlation coefficients for 17a-ethinyl oestradiol 
adsorption for Hypersol-Macronet polymers. 
Hypersol- 
Macronet 
Langmuir isotherm Freundlich isotherm 
polymers a fi RL K N=1/n Rip 
MN 100 802.168 5119.16 0.91231 0.37432 0.17471 0.78910 
MN 200 1935.74 5002.90 0.96208 1.21394 0.22017 0.99788 
MN 250 2440.43 6516.59 0.92005 0.99969 0.18214 0.98947 
MN 500 1014.60 5329.10 0.95154 0.56138 0.20989 0.89447 
The Langmuir parameters a and B are defined as a= qob and f3 =b of Eq. 5.15 
and RL is the correlation coefficient of the Langmuir model. Similarly, RF, K and 
N are the correlation coefficient of the Freundlich model and K= KF and 
N=V , respectively. The pH was measured before and after equilibrium for each 
sample separately and no detectable changes were noticed, which was expected at 
very low concentrations (initial concentration of 17ß-oestradiol/17a-ethinyl 
oestradiol is 4 µg/L). 
Treatment with granular activated carbon is usually selected for the removal of 
organic contaminants from water (De Zuane, 1997). PCBs, PAHs and pesticides 
have been found amongst the chemicals well-adsorbed onto granular activated 
carbon (Spellman and Drinan, 2000). In this study, 170-oestradiol was removed 
from water by several activated carbons. The isotherms in Figure 5.43 show that 
AW 1100 possesses the highest adsorption capacity of 1.56 µmol/g 17ß-oestradiol 
at an equilibrium concentration of 0.006 µmol/L. At the same equilibrium 
concentration, the other activated carbons show the following trends; Brimac 216 
has the lowest capacity followed by YAO and SAC 6 with 17ß-oestradiol 
adsorption capacities of 0.71,0.95 and 1.34 µmol/g, respectively. Studies on the 
performance of different carbon types revealed that bituminous coal-based 
granular activated carbon was better for the adsorption of organic substances such 
as pesticides (Taylor et al., 1993; Baldouf et al., 1993). However, no other 
explanation has been given for the adsorption performance of bituminous coal- 
based activated carbons. 
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Amongst the polymers (Figure 5.44), MN 200 and MN 250 have approximately 
the same 17ß-oestradiol adsorption capacity (about 1.57 µmol/g) followed by MN 
500 (0.58 µmol/g) and MN 100 (0.37 µmol/g) at an equilibrium concentration of 
0.006 µmol/L. 
Comparison of the 1713-oestradiol uptake for each adsorbent indicates the 
superiority of the granular activated carbons against the Hypersol-Macronet 
polymers, with the highest uptake that of AW 1100. Of the polymers, only MN 
200 and MN 250 show comparable 170-oestradiol uptake to the activated carbons 
which is, however, lower than that of AW 1100. 
The similarity in the adsorption capacity of 17ß-oestradiol onto MN 200 and MN 
250 is interesting since the two Hypersol-Macronet polymers only differ in 
porosity (see Section 4.4.1). Additionally, the adsorption capacity is markedly 
different for functional and non functional polymers. MN 100 and MN 500 
contained weakly basic and strongly acidic functional groups respectively, 
whereas MN 200 and MN 250 were non-functional polymers with different 
porosity. In general, it appears that the porosity of the Hypersol-Macronet 
polymers does not play an important role for the adsorption of 17ß-oestradiol, 
whereas any surface functionality of Hypersol-Macronet polymers inhibits the 
adsorption of 17ß-oestradiol. 
The isotherms of 17a-ethinyl oestradiol (Figures 5.45 and 5.46) also suggest that 
the activated carbons perform better than Hypersol-Macronet polymers. The 
trends for the uptake of 170-oestradiol and 17a-ethinyl oestradiol onto granular 
activated carbons and Hypersol-Macronet polymers are the same. When compared 
to the isotherms of 17ß-oestradiol, it is clear that the carbons and polymers adsorb 
considerably less 17a-ethinyl oestradiol, with AW 1100 consistently having the 
highest capacity of all the adsorbents tested (0.9 µmol/g at equilibrium 
concentration of 0.006 µmol/L). YAO and Brimac 216 have the lowest 17a- 
ethinyl oestradiol capacity of 0.2 and 0.175 µmol/g, respectively. Again, MN 200 
and MN 250 perform better (0.39 µmol/g) than MN 100 (0.18 µmollg) and MN 
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500 (0.175 gmol/g). The similar trend of the MN 200 and MN 250 isotherms 
suggests that the adsorption of oestrogens is independent of the adsorbents 
porosity, which is consistent with what was observed for the uptake of 17ß- 
oestradiol. It is also evident that strong functionality (either basic or acidic) 
hinders the adsorption of oestrogens. 
The correlation coefficients suggest that there is no perfect fit of the experimental 
data to any of the models used. However, the better fit results from the Langmuir 
model, which suggests that the adsorption of the oestrogenic materials occurs at 
well localised sites and that each localised site accommodates only one adsorbate 
molecule. The Freundlich model is marginally better for the adsorption of 170- 
oestradiol and 17a-ethinyl oestradiol onto MN 200 and MN 250. There is no 
explanation as to why the two molecules adsorb differently onto the two 
Hypersol-Macronet polymers other than inadequate time for reaching equilibrium 
or a different mechanism of adsorption onto non functional surfaces. 
It is intended to conclude a mechanism of adsorption from the isotherm results. To 
the knowledge of the author, there has been no similar study suggesting a possible 
adsorption mechanism for similar compounds and oestrogens. Studies (see Section 
3.4.5) have only been focused on investigating activated carbons as possible 
means of removing oestrogens from water. Mechanisms of describing the 
adsorption of 17p-oestradiol and 17a-ethinyl oestradiol onto surfaces can involve: 
(a) physical adsorption (or van der Waals forces), (b) hydrogen bonding, (c) 
electrostatic attraction or chemical adsorption and (d) coordination complexes. 
The discussion concentrates on presenting evidence to eliminate or support a 
plausible adsorption mechanism. 
One adsorption mechanism is the binding of the molecule with the adsorbent due 
to dissociation of some groups of the molecule and adsorbent (ion exchange). 
Tests were performed at pH 4, and even though some of the groups on the 
adsorbent surface can be dissociated, the pH eliminates possible dissociation of 
any groups of the oestrogens because dissociation of 170-oestradiol and 17a- 
ethinyl oestradiol occurs at pH of over 12. 
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The isotherms also suggest that the mechanism of adsorption is not ion exchange. 
Hypersol-Macronet polymers MN 100 and 500, which have such groups strongly 
dependent on pH value, suggested that functionality of the adsorbent inhibits 
oestrogen uptake. MN 500 is a strong acid cation exchanger, which under the 
experimental conditions was positively charged. If ion-exchange was governing 
the adsorption it would have been expected that MN 500 would have been the 
adsorbent with the highest capacity and the non-functional MN 200 and MN 250 
would adsorb the least. Figures 5.44 and 5.46 show that this is not the case. 
The mechanism of oestrogen adsorption on all adsorbents is believed to be of a 
different nature, which may involve non-specific molecular interactions between 
the adsorbent and adsorbate. The investigation for an explanation is focused on 
physical adsorption, hydrogen bonding, and coordination complexes. Adsorption 
in the case of Hypersol-Macronet polymers is favoured on polymeric adsorbents 
with non functionality, which suggests that the adsorption mechanism is by 
hydrophobic interaction between the target molecule and the adsorbent. 
Generally, EDCs have been reported to preferentially adsorb onto suspended 
particulates because of their hydrophobic properties (Lai et al., 2000). The Kaut, 
values often correlate with the degree of association between the organic 
compound and the solid surface (Dobbs et al., 1989; Byrns, 2001). K.,, is the 
concentration ratio at equilibrium of the organic compound partitioned between an 
organic liquid and water and it can be used as a measure of lipophilicity 
(Danielsson and Zhang, 1996). Kota is therefore used to predict sorption onto 
solids (Fuerhacker et al., 1999). Table 5.14 lists some of the physical properties of 
the oestrogens. 
Table 5.14. Physical properties of 17ß-oestradiol and 17a-ethinyl oestradiol. 
Oestrogenic substances Aqueous solubility (mg/L) Ko,, References 
17D-oestradiol 12.96 4.4 Sedlak et al., 2000 
17a-ethinyl oestradiol 4.83 4.15 Tabak et al., 1981 
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17a-ethinyl oestradiol has an extremely low solubility in water, which is 
indicative of a hydrophobic substance. The solubility of 173-oestradiol is higher 
than 17a-ethinyl oestradiol but not as high as other organic substances such as 
chlorotoluron and isoproturon with water solubilities of 70 and 55 mg/L, 
respectively. K., values also follow the same trend. If it is assumed that 
hydrophobic interactions dominate the adsorption process then the adsorbents 
should have the highest capacity for 173-oestradiol followed by 17a-ethinyl 
oestradiol. By comparing the data presented in Figures 5.43 and 5.45 for activated 
carbons, and Figures 5.44 and 5.46 for Hypersol-Macronets, this is generally the 
case. 
The difference in adsorption is attributed to structural differences between the two 
molecules. It is apparent from the results, that 17a-ethinyl oestradiol compared to 
170-oestradiol tends to favour remaining in water despite its hydrophobicity. The 
difference of the two molecules in adsorption by the same adsorbents clearly 
indicates that despite their close relationship as molecules of the same group, the 
extra ethinyl group of 17a-ethinyl oestradiol in position 17a inhibits the 
adsorption on surfaces. Impact of this extra group has also been reported in other 
occasions e. g. prohibiting 17a-ethinyl oestradiol to oxidise to oestrone like the 
other oestrogens (Walker, 2000). 
Analysis of the two molecular structures (Figures 5.47 and 5.48) shows that 17ß- 
oestradiol is the smaller adsorbate. The extra ethinyl group makes 17a-ethinyl 
oestradiol elongated with respect to the more compact 17ß-oestradiol. It is 
possible that the elongated "tail" of 17a-ethinyl oestradiol (see Figure 5.49) 
restricts the molecule from accessing some of the micropores of the adsorbents 
due to size exclusion. 
The phenolic ring that both oestrogens possess can be a significant influence on 
the way the molecules attach to solids. According to Bansal and Dhami (1980) 
phenols can irreversibly bind to carbons due to interactions of the it electrons of 
the benzene ring with the partial positive charge on the carbonyl carbon atoms. 
Mattson et al. (1969), Sweetland (1997) and Homer (1999) suggested the 
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11.7i2A 
5.617 A 
Figure 5.47. Molecular structure of 17(3-oestradiol and dimensions (3-D 
representation). 
12.1i7A 
5.617 A 
Figure 5.48. Molecular structure of 17a-ethinyl oestradiol and dimensions (3-D 
representation). 
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Figure 5.49. Difference in 173-oestradiol and 17a-ethinyl oestradiol. 
formation of a donor-acceptor complex between the aromatics and the adsorbent 
surface. If this is the case, then the lower adsorption capacity for 17a-ethinyl 
oestradiol is understandable. The ethinyl group creates an obstacle for strong 
attachment of the molecule with the surface of activated carbons. 
AW 1100 showed considerably different properties to the other activated carbons, 
which involved higher surface area, distinct microporosity, higher sodium 
capacity and lower PZC and IEP. Elemental analysis of the activated carbons 
suggested that the concentration of hydrogen compared to the other activated 
carbons is considerable. The adsorption isotherms of 17(3-oestradiol onto activated 
carbons seem to indicate that the adsorption of the target molecule is a function of 
the pore size distribution of the carbons. The adsorption capacity series for the 
molecule follows the trend AW 1100>SAC6>YAO> Brimac 216, which matches 
the values reported for surface area. A closer look at the series shows that the 
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presence of micropores favours the uptake of the molecule. AW 1100 with the 
highest microporosity has the highest capacity of all the carbons while Brimac 216 
with the least microporosity has the lowest capacity. This is in agreement with the 
notion that adsorption takes place mainly in micropores because there is more 
association of the adsorbate with the adsorbent. 
The bituminous nature of AW 1100 along with the above properties appear to 
have made this material exceptionally good at adsorbing the oestrogens of interest. 
The reason is believed to be a combination of factors. The superiority of AW100, 
in surface area and its microporosity increases the available adsorption sites. The 
high sodium capacity of AW 1100 combined with its low PZC and IEP showed 
that this activated carbon possesses a significant amount of oxygen functional 
groups which occur primarily at the edges of the broken graphitic planes of the 
carbon and assist the formation of n-ir interactions with the benzene rings of 17(3- 
oestradiol and 17a-ethinyl oestradiol. It is most likely that the orientation of the 
molecules being flat with the benzene rings parallel to the rings of the graphene 
structure of the activated carbon is the force governing the adsorption. 
The conclusions that can be drawn from these results is that activated carbon 
showed considerably better adsorption performance compared to the polymeric 
adsorbents. Of the two classes of adsorbents, AW100 is the best activated carbon 
adsorbent and MN200 and MN 250 are the best polymeric adsorbents. The 
adsorption capacity of 17a-ethinyl oestradiol is considerably lower than that of 
l7ß-oestradiol onto the same adsorbents. It is postulated that the adsorption of 
17(3-oestradiol and 17a-ethinyl oestradiol was mainly due to hydrophobic bonding 
with the potential of dispersion interactions of the n electrons in the respective 
aromatic systems. 
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5.6.2 Kinetic Results 
Adsorption is a time dependent phenomenon and therefore, the adsorption rate is 
crucial to be considered when a sorption process is designed. Important 
information on the mechanism of the adsorption process and rate determining step 
could then be extracted. The sorption of a molecule by activated carbon depends 
on a number of transport steps, including bulk solution transport, external (film) 
transport, internal (intra-particle) transport and adsorption (Chang et al., 2004). 
This could be generalised for other adsorbents such as polymeric resins. What 
generally occurs is that the molecules travel through the bulk solution, reach the 
boundary layer around the adsorbent, and start diffusing through the stagnant film 
layer, penetrating further into the surface of the adsorbent. 
A series of kinetic experiments was conducted in order to gain better 
understanding of the way oestrogenic materials adsorb onto granular activated 
carbons and Hypersol-Macronet polymers with time. The possibility of different 
rate determining steps makes the investigation difficult and therefore in order to 
simplify the study, kinetic experiments were performed with vigorous stirring, 
which minimised the effect of film diffusion. It is therefore reasonable to suggest 
that film diffusion was not the controlling factor in the oestrogen sorption process. 
Kinetic experiments were also carried out for different particle sizes of the 
adsorbents at different initial oestrogen concentrations. Figures 5.50 and 5.51 
show the sorption kinetics of 1 mg/L 170-oestradiol onto AW 1100 (activated 
carbon) and MN 250 (Hypersol-Macronet polymer), respectively, and Figures 
5.52 and 5.53 show the kinetics of 1 mg/L 17a-ethinyl oestradiol onto the same 
adsorbents. On the other hand, Figures 5.54-5.57 correspond to sorption kinetics 
for 0.5 mg/L initial concentration of 17ß-oestradiol and 17a-ethinyl oestradiol 
onto AW 1100 and MN 250. 
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Figure 5.50.173-oestradiol adsorption kinetics onto AW 1100 (1 mg/L). 
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Figure 5.51.17(3-oestradiol adsorption kinetics onto MN 250 (1 mg/L). 
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Figure 5.52.17a-ethinyl oestradiol adsorption kinetics onto AW 1100 (1 mg/L). 
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Figure 5.53.17ct-ethinyl oestradiol adsorption kinetics onto MN 250 (1 mg/L). 
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Figure 5.54.17ß-oestradiol adsorption kinetics onto AW 1100 (0.5 mg/L). 
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Figure 5.55.170-oestradiol adsorption kinetics onto MN 250 (0.5 mg/L). 
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Figure 5.56.17a-ethinyl oestradiol adsorption kinetics onto AW 1100 (0.5 mg/L). 
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Figure 5.57.17a-ethinyl oestradiol adsorption kinetics onto MN 250 (0.5 mg/L). 
166 
Chapter 5. Method Development, Adsorption and Kinetic Studies 
The rate of attainment of equilibrium was seen to be independent of the 
concentration of 173-oestradiol and 17a-ethinyl oestradiol, which suggested that 
particle diffusion could possibly be the rate controlling step of the adsorption 
process. By definition, when particle diffusion control is the rate-determining step, 
film diffusion is considerably faster than particle diffusion and the film 
concentration gradient is instantaneously levelled out. Any concentration 
gradients exist only in the adsorbent beads and the concentration of 17ß-oestradiol 
or 17a-ethinyl oestradiol at the surface of the adsorbent particle are the same as in 
the bulk solution. 
In order to assess the rate of oestrogen adsorption by activated carbons and 
Hypersol-Macronet polymers from aqueous solutions, an effective diffusion 
coefficient for adsorption should be calculated. Since, this is the first attempt to 
model kinetics data for the adsorption of oestrogens from water using granular and 
spherical adsorbents, an approximate and well-established model was used. The 
model assumes particle diffusion phase control, infinite solution volume i. e. 
negligible resistance to diffusion across the interface, isotopic exchange and is 
based on Fick's second law. Hence, the Vermeulen equation was applied, and the 
fractional attainment of equilibrium, F(t) was approximated using the following 
equation: 
Y 
z 
F(t)=1-exp - 
or Eq. 5.13 
r2 0 
where TO is the adsorbent particle radius assuming spherical symmetry, t is the 
time of sorption and Dis the effective particle phase diffusivity. The half time tý 
for adsorption is given when F(t)=0.5: 
0.03ro 
2= D 
Eq. 5.14 
Vermeulen's equation (Eq. 5.13) fits the whole range of the fractional attainment 
of equilibrium (0 <_ F (t) <_ 1) and from Eq. 5.14 it is evident that the rate is 
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proportional to the diffusion coefficient in the adsorbent and inversely 
proportional to the square of the bead radius. 
The calculated values of average diffusivity, half times and correlation 
coefficients are presented in Tables 5.15-5.18. The not applicable (NA) values for 
MN 250 at a bead range 75-90 pm is because the polymer was not supplied at this 
low size range. Grinding of the particles was not performed as it would interfere 
with the physical and chemical properties of Hypersol-Macronet polymers. 
Table 5.15. Particle diffusion model coefficients for 173-oestradiol sorption (1 
mg/L). 
Particle 
AW 1100 MN-250 
sizes (pm) Dx (10"8) 
(cm, s 1) 
IV, 
(min) 
R Dx (10'8) 
(cm2 s'1) 
(min) 
R2 
710-850 22.44 0.98091 17.64 0.98992 
600-710 
2 513 
17.27 0.98252 
461 3 
NA 
300-420 . 11.94 0.97375 . 6.03 0.98371 
75-90 0.38 NA NA 
Table 5.16. Particle diffusion model coefficients for 17a-ethinyl oestradiol 
sorption (1 mg/L). 
Particle 
AW 1100 MN-250 
sizes (µm) Dx (10.8) 
(cm2 S) 
(min) 
R2 Dx (10.8) 
(cm2 S-) 
to 
(min) 
710-850 33.05 0.8966 46.44 0.90564 
300-420 1.024 27.09 0.93421 1.078 30.42 0.95001 
75-90 4.46 NA NA 
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Table 5.17. Particle diffusion model coefficients for 17ß-oestradiol sorption (0.5 
mg/L). 
Particle 
AW 1100 MN-250 
sizes (µm) bx (10'$) 
(cm2 s 1) 
tý$ 
(min) 
Rz Dx (10-8) 
(cm2 s-1) 
ty, 
(min) 
R2 
710-850 19.66 0.98705 13.76 0.99386 
300-420 2.240 13.62 0.99853 4.917 3.66 0.97671 
75-90 0.50 NA NA 
Table 5.18. Particle diffusion model coefficients for 17a-ethinyl oestradiol 
sorption (0.5 mg/L). 
Particle 
AW 1100 MN-250 
sizes (µm) Dx (10"8) 
(cm2 s-1) 
A6 
(min) 
Rz Dx (10.8) 
(cmz s') 
ty' 
(min) 
710-850 29.03 0.90648 46.44 0.90564 
300-420 1.16 23.89 0.94986 1.089 29.18 0.93728 
75-90 4.23 0.96123 NA 
It can be seen that for different granular sizes of AW 1100, the 17ß-oestradiol 
molecule is removed considerably faster by the finer particles than the coarse 
particles. The same also applies for the kinetics of 170-oestradiol onto MN 250. 
The particle diffusion model seems to be in agreement with the experimental data 
for 170-oestradiol onto all adsorbents for any initial concentration used. For 17a- 
ethinyl oestradiol, the effect of spherical bead size was also found to be crucial. 
The sorption kinetics were slower for bigger sized particles. However, the model 
used in this study seemed to give poor fit of the experimental data for all 
adsorbents apart from very small particles (75-90 µm). 
The same model has been applied for other applications both for the removal of 
organics and inorganics by spherical adsorbents from aqueous solutions 
(Helfferich, 1995; Saha et al., 2003,2004). The diffusivity values reported when 
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particle diffusion was the rate determining step were of the same order of 
magnitude as the values reported in this study. Other studies by Rengaraj et al. 
(2002) on the removal of phenol from aqueous solutions using activated carbons 
also reported the use of this specific particle diffusion model to fit their data and 
the values reported ranged from 0.61-1.05 x 10-8 cm2 sec-1. These values are 
again similar to the reported diffusivity values of this study. 
Efforts to predict the phenol adsorption onto adsorbents by developing other 
models were also attempted. Worch (2004) proposed a film and particle diffusion 
model (DF-FPDM) that accounted for both rate controlling steps, which presented 
a main disadvantage for use in this study. In order to be applicable, DF-FPDM 
requires Freundlich isotherms to be incorporated into the model. Very few kinetic 
models have been applied for the removal of oestrone by activated carbon. Roy et 
al. (1993) and Najm (1996) included a surface and pore diffusion model which is 
the most commonly used for organic removal (generally phenols) by activated 
carbon from solutions. Chang et al., (2004) also applied these models but the 
diffusivity values found for higher initial concentrations of oestrone (ranged from 
0.83 to 30 mg/L) were found to be 2.65 x 10'11 cm2 sec''. 
Kinetic studies suggest that the 17ß-oestradiol sorption by AW 1100 and MN 250 
is intra-particle diffusion controlled. However, a different diffusion mechanism 
seems to apply for the adsorption of 17a-ethinyl oestradiol. The proposed model 
does not appear to fit well for the adsorption of 17a-ethinyl oestradiol onto any of 
the adsorbents except for very small sized particles. It is suspected that this is also 
due to the way the molecules diffuse into the adsorbents. Even though the 
compounds belong to the same oestrogen family, the additional ethyne group of 
the 17a-ethinyl oestradiol creates a difference in transport properties (see Section 
5.5.1). This additional group is believed to cause steric hindrance, which may 
restrict its access to the active sites of the adsorbents. This is consistent with the 
work performed with powdered activated carbons (Cook et al., 2001), which 
suggests that larger molecular weight compounds present in water decelerate the 
kinetics of adsorption by steric hindrance. 
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The uptake rate for the AW 1100 appears to be faster than that of MN 250. In 
general, the half time (týj) for adsorption of 17(3-oestradiol on AW 1100 for 
various granular ranges, varies from 0.38-20 min, whereas for MN 250 it ranged 
from 4-18 min. 17a-ethinyl oestradiol on the other hand, showed higher tar= values 
ranging from 4-33 min and 30-46 min for AW 1100 and MN 250, respectively. 
This can be explained by differences in the pore size distribution of the two 
materials. The results generally show that the adsorption kinetics for 17ß- 
oestradiol are faster than that of 17a-ethinyl oestradiol. 17(3-oestradiol molecule, 
dependent on its orientation, is narrower than 17a-ethinyl oestradiol as shown in 
Figure 5.49, which easily diffuses through the micropores of the adsorbents. 
In order to investigate the influence of concentration, kinetic runs were also 
performed at 0.5 mg/L of 17ß-oestradiol or 17a-ethinyl oestradiol. The results 
obtained by comparing kinetic curves showed no significant change in the 
adsorption rate. The values for t112 presented in the corresponding tables also show 
that halving the concentration does not have a significant effect. In fact, the trend 
observed is exactly the same as for 1 mg/L initial concentrations for both 
oestrogens. Similar observation was reported by Chang et al. (2004), who showed 
that the rate of adsorption onto powdered activated carbon (PAC) is independent 
of the initial oestrone concentration. Fuerhacker et al. (2001) also reported that no 
significant change was observed in the kinetics of 1713-oestradiol when the initial 
concentration was varied. Hence, the kinetic data presented here is in agreement 
with previously published literature. 
5.7 CONCLUSIONS 
A GC/MS analytical method was developed for determining 17(3-oestradiol and 
17a-ethinyl oestradiol concentrations in the part per billion (ppb) and part per 
trillion (ppt) range. The analytical technique involves solid phase extraction (SPE) 
followed by derivatisation of the analytes before analysis by GC/MS. SPE 
technique achieved recovery rates up to 95%. The adsorption of 17ß-oestradiol 
and 17a-ethinyl oestradiol at ppb level was achieved by activated carbons and 
Hypersol-Macronet polymers in batch adsorption experiments. Activated carbons 
were superior for oestrogen adsorption compared with the Hypersol-Macronet 
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polymers. AW 1100, MN 200 and MN 250 demonstrated the best adsorption 
performance amongst the activated carbons and Hypersol-Macronet polymers. 
17a-ethinyl oestradiol was not as efficiently adsorbed as 17ß-oestradiol, possibly 
due to size exclusion. 
The adsorption of oestrogens appears to be controlled by hydrophobic 
interactions. Additionally, interactions of 7r electrons of the benzene ring with the 
surface of the adsorbents is a factor. The possibility of an ion exchange 
mechanism was ruled out. From the results obtained, excessive surface 
functionality was observed to inhibit the adsorption. 
Liquid-liquid extraction was successfully used for extracting the analytes from the 
solution in kinetic experiments, with, recovery rates of 95%. Kinetic experiments 
with high concentrations (1.0 and 0.5 mg/L) were performed using the most 
promising activated carbon and Hypersol-Macronet polymer, at variable particle 
size. It was found that concentration did not seem to influence the kinetics of the 
oestrogen sorption. The adsorption rate of both molecules was significantly 
dependent on the particle size of the adsorbents. A well-established particle 
diffusion model was applied for analysing the data. The slowest kinetics, as 
characterised by týj was found to be 50 min. Intra-particle diffusion is suspected to 
be the controlling diffusion mechanism of 1713-oestradiol and 17a-ethinyl 
oestradiol for both activated carbon and Hypersol-Macronet polymer. 
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6. CONCLUSIONS AND FUTURE WORK 
6.1. CONCLUSIONS 
The overall objective of this research was to evaluate the adsorption performance 
of granular adsorbents (activated carbons and Hypersol-Macronet polymers) for 
the specific removal of endocrine disrupting compounds (1713-oestradiol and 17a- 
ethinyl oestradiol) from water. The physical and chemical characteristics of the 
adsorbents were determined to elucidate the relationship between the sorptive 
performance and the structure of these materials. 
A GC/MS analytical method was developed to accurately determine the 
concentration of 173-oestradiol and 17a-ethinyl oestradiol in the part per billion 
(ppb) and part per trillion (ppt) range. Solid phase extraction (SPE) and 
derivatisation were employed in preparing the samples for analysis. The limit of 
detection for 17p-oestradiol and 17a-ethinyl oestradiol was 11 ppt and 31 ppt, 
respectively. 
The activated carbons employed in this work as adsorbents were successful in 
removing 17ß-oestradiol and 17a-ethinyl oestradiol from water with the exception 
of Brimac 216, which showed poor performance for this application. The 
adsorption capacity of the granular activated carbons was related to the adsorption 
capacity and the microporosity. The adsorption capacities of both oestrogens 
follow the trend AW 1100>SAC6>YAO> Brimac 216. The adsorption capacity of 
AW 1100 was significantly greater than all other adsorbents tested. MN 200 and 
MN 250 (Hypersol-Macronet hypercrosslinked polymers) were also found 
appropriate for adsorption purposes, however, their sorption capacity was rather 
limited compared to the activated carbons. 
17a-ethinyl oestradiol was not as efficiently adsorbed as 173-oestradiol, possibly 
due to size exclusion. The adsorption of oestrogens appears to be controlled by 
hydrophobic interactions; an ion exchange mechanism was ruled out since the 
Hypersol-Macronet polymers, which possessed ion exchange characteristics, 
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exhibited poor sorption performance. From the results obtained, MN 100 and MN 
500 that possessed distinct surface functionality adsorbed the least 173-oestradiol 
and 17a-ethinyl oestradiol. 
Kinetic experiments were performed by assessing the most promising activated 
carbon and Hypersol-Macronet polymer. A well-established particle diffusion 
model was applied to the analysis of data. The activated carbon AW 1100 showed 
faster kinetics than the Hypersol-Macronet MN 250. It was also found that 
adsorbate concentration did not seem to influence the kinetics of the oestrogenic 
molecules, and the adsorption rate of both molecules was significantly dependent 
on the particle size of the adsorbents. Intra-particle diffusion is thought to be the 
controlling diffusion mechanism of 17ß-oestradiol and 17a-ethinyl oestradiol for 
both activated carbons and Hypersol-Macronet polymers. 
The results obtained in this study show the potential of using AW 1100 and MN 
200 or MN 250 to remove trace oestrogenic substances from water. Activated 
carbon is more desirable since it is not as expensive as the specifically prepared 
polymeric resins, and also because of its higher adsorption capacity. This study 
provides a sound basis to inform further work on multi-component systems and 
real effluent streams. 
6.2. FUTURE WORK 
" The adsorption studies could be extended to investigate the capacity of 
these adsorbents for implementation with other oestrogenic contaminants 
e. g. oestrone. It is also proposed that multicomponent adsorption studies 
could assist better understanding of the interactions of the oestrogenic 
substances with the adsorbents and with each other (i. e. synergetic or 
antagonistic effect). 
" Results obtained in this study were based on ultrapure water spiked with 
oestrogens of various concentrations. For realistic trials, effluent water 
should be used. However, before real experiments it is advisable to 
investigate the effect of a different matrix (i. e. distilled and tap water) to 
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see what influence the presence of other ionic and organic species may 
impose to the oestrogen uptake. 
" The effect of pH and lower oestrogenic concentrations could also be 
studied in batch adsorption experiments. 
" Kinetics could be expanded by assessing the effect of temperature, pH and 
low concentrations of single and multicomponent systems. The application 
of a different model (accounting for external and internal diffusion) is also 
suggested. 
" Implementation of other adsorbents could be of interest. Carbonised 
polymers or selective adsorbents e. g. molecular imprinted polymers (MIP) 
could be used. The use of carbonised polymers could prove beneficial 
because they could be produced with precisely controlled porosity. The 
effect of porosity could thus be investigated. On the other hand, MIPS, 
which are polymers that are produced to target specific compounds, due to 
their excellent selectivity could provide a extremely powerful adsorbent. 
" The desorption mechanism needs to be examined. This would provide 
valuable information on the mechanism of adsorption and would indicate 
if the adsorbents used could be easily regenerated. 
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